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CHAPTER I
INTRODUCTION
Scope and Definition of Protein-Calorie Malnutrition
Protein-calorie malnutrition is generally accepted as man's most 
pressing world health problem. It is the primary result of increased 
population demands upon already insufficient food supplies, and it 
does not appear that this trend will be reversed in the immediate 
future. Population growth is still outstripping advances in agricul­
tural technology, and large proportions of the rural population are 
moving to the city; both factors intensify problems of adequate nutri­
tion (Waterlow and Alleyne 1971). There are no accurate figures of 
how many people are undernourished, but it has been estimated that 7 
of 10 children under age six are affected mentally (Keppel 1968).
Yet the problem of protein-calorie malnutrition has been extensively 
researched since the early 1900s, and the effects of malnutrition on 
learning and mental processes have been researched for only the last 
10 years (Pearson 1968). Many problems are associated with the study 
of a disease of such varied symptomology with a number of complicating 
variables. Protein deficiency has been isolated as the major factor 
in malnutrition throughout the world, but the prevalence of protein- 
calorie malnutrition, its characteristics, and the factors which con­
tribute to its variability across geographical areas are not clearly 
understood (Thomson, 1968).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The term protein-calorie malnutrition, or simply malnutrition, 
has been applied to a continuous range of clinical signs and symptoms 
representing degrees of physiological impairment. The term covered 
everything from simple nutritional deficiencies to complex protein and 
calorie deficiencies, including a variety of associated infections and 
infestations. Traditionally, two syndromes have been recognized: 
kwashiorkor, or protein deficiency without caloric deficiency, and 
marasmus, in which protein deficiency is complicated by total caloric 
deficiency (McCance 1968a). However, since the different causes and 
complicating variables of these syndromes are usually interrelated, 
it is currently accepted to refer to protein-calorie malnutrition as 
a major heading under which all clinically recognizable forms together 
with their complications are subsumed. This classification was recom­
mended by the Joint Food and Agriculture Organization/World Health 
Organization Expert Committee on Nutrition (1962) on the premise that 
protein-calorie malnutrition is a clinically identifiable disease of 
substantially the same etiology; protein deficiency being the single 
major identifiable characteristic. The FAD/WHO committee suggested 
classifying protein-calorie malnutrition into three categories: 
kwashiorkor (protein deficiency), marasmus (protein and calorie de­
ficiency) , and an unspecified category that included famine-edema and 
starvation in adults. Using the committee's recommendation, the major 
identifying characteristics of protein-calorie malnutrition are sum­
marized in Table 1. Table 1 is a composite drawn from several authors 
and is intended as a sample of current definitions.
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Table 1. CLINICAL CLASSIFICATION OF PROTEIN-CALORIE MALNUTRITION.^
Category
I. Kwashiorkor
(inadequate protein, 
adequate calorie 
intake)
Distinguishing 
S igns and Symptoms
edema2 1 3
hypoalbuminemia^ 
reduced body weight^ 
height decrease 
(moderate)
Occasional Signs 
and Symptoms
depigmentation
of hair® 
hepatomegaly® 
behavioral
abnormalities 
anemia? 
skin lesions® 
vitamin deficiencies
II. Marasmus
(inadequate protein 
and calorie intake)
III. Unspecified 
(including
nutritional dwarfing, 
starvation in adults, 
famine-edema)
increase in body 
water® 
body weight
severely reduced® 
height decrease 
(severe)® 
wasting of muscle 
and subcutaneous 
fat® 
normal albumin 
levels®
growth failure^
1. FAO/WHO Joint Expert Committee on Nutrition, 1952
2. Dean, 1963
3. Lancet, 1970
4. Garn, 1966
5. Jeliffe and Welbourn, 1963
6. Waterlow and Alleyne, 1971
7. Woodruff, 1958
8. Bradfield, 1968
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Although protein-calorie malnutrition has been described as "a 
kaleidoscopic and bewildering variety of clinical pictures" (Jeliffe 
1959, quoted in Ramalingaswami and Deo 1968:265), its major categories 
do have separable etiologies relating to different geographic areas 
(Waterlow and Alleyne 1971). Classification may then be defined in 
terms of the most important deficiencies, the cultural and environ­
mental variables which cause the deficiency, and the factors that 
contribute to the severity and prevalence of malnutrition. Recog­
nizing that two major syndromes exist, two objectives have been estab­
lished by current research: (1) to define differences in etiologies
and the physiological consequences for these two main syndromes 
(kwashiorkor and marasmus) , and (2) to take a global view of protein- 
calorie malnutrition, comparing fundamental similarities and delinea­
ting differences across geographical areas (McCance 1968a). To this, 
a third objective may be added; to study experimental animal popu­
lations in order to isolate and define the major causes of physiological 
impairment and the effect of malnutrition on behavioral processes.
Protein-Calorie Malnutrition as. a Physiological Process
Rather than a specific set of clinical signs and symptoms, it 
has been recognized that protein-calorie malnutrition may be studied 
as an alteration of nutritional processes that results in physiological 
adjustment (Waterlow and Alleyne 1971). Using this concept, it is 
possible to construct models of protein-calorie malnutrition which 
describe active phsyiological processes adjusting to balance physio­
logical activity. Generally, changes in physiological processes result
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
from a period of compensation during which time utilization of avail­
able substrates is increased with concomitant decreases in physiolog­
ical functions less important for survival (Pineda 1968). Evidence 
supporting this "balance hypothesis" of physiological adjustment comes 
primarily from recent biochemical advances, and secondarily from studies 
of alteration of growth rates, weight, and body proportion relationships. 
For example, in humans with kwashiorkor, growth hormone levels are ele­
vated, increasing amino acid transport and protein synthesis, while 
also increasing nitrogen retention and protein conservatism (Pimstone, 
Wittman, Hansen and Murray 1966). There is also an increase in non- 
essential sunino acids, suggesting an increase in protein synthesis 
chain reactions (Whitehead 1968). There is more rapid amino acid 
oxidation for energy conversion and consumption (Pineda 1968), which 
tends to eliminate stores of amino acids. Evidence from experimental 
animal studies shows that some enzymes, for example alkaline phospha­
tase, are in a continual state of adjustment and respond to the inges­
tion of food by general increases in enzyme activity (Waterlow and 
Alleyne 1971). Baril and Potter (1968) found that the levels of some 
liver enzymes increase in response to feeding. Ashworth (1969) in­
ferred that protein synthesis is maximized in infants after feeding.
The results of enzyme studies suggest an adjustment in enzyme levels 
during malnutrition (when activity of some important enzymes increases) 
such that there are "extensions of a normal response, in which the 
controls are set at a different level" (Waterlow and Alleyne 1971).
These increases in the rate of metabolism and production of 
hormones, and some enzymes important for nutrient extraction and
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energy conversion, are associated with decreases in the rate of function 
of other physiological systems. It is hypothesized that the decreases 
result from the secondary importance of some body processes for sur­
vival. For example, albumin levels decrease after long periods of 
malnutrition (Hansen 1968) as a direct result of a decrease in the rate 
of synthesis and transfer of albumin from extravascular to intravascu- 
lar cell spaces (Waterlow and Alleyne 1971). Blood glucose levels 
decrease, perhaps due to an increase in serum proteins that stimulate 
insulin-like activity (Heard 1968) or possibly due to a decrease of 
insulin and a lack of normal beta-cell response to circulating glucose 
(Waterlow and Alleyne 1971). Regardless of which mechanism is opera­
ting, the decrease in glucose eventually results in a removal of gly­
cogen stores (Wayburne 1968) and thus decreases available ("long-term") 
energy stores.
The examples presented thus far are only a sample of the biochem­
ical measures available for ascertaining changes occurring during periods 
of nutritional deficiency. Biochemical measures have been stressed 
because they are "discrete" qualitative and quantitative measures. 
Therefore, the measures are able to analyze systems separately in terms 
of how each system is affected. However, field studies do not usually 
employ a wide range of biochemical measures and rely upon less discrete 
or separably identifiable measures. Evidence derived from field studies 
suggests the same general type of physiological adjustment achieved by 
balancing the function of physiological mechanisms. Unlike discrete 
changes that are analyzed biochemically, these changes are studied by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
observing general changes in the body's morphology. In the next 
section, previous field studies of protein-calorie malnutrition are 
reviewed and the various methodologies in use are discussed. Emphasis 
is placed on problems encountered in studying complex interactions of 
biological systems as they affect an individual's stature.
Human Field Studies
Field studies usually incorporate an inconsistent and loosely 
defined set of measures in diagnosing degrees of protein-calorie mal­
nutrition (Thomson 1968). The tests include various anthropometric 
measures (e.g., weight, height, arm circumference or skinfold). Gen­
erally, these measures point to growth deficits as the major factor 
in diagnosing nutritional insufficiency. Like biochemical measures, 
data from anthropometric measures support the "balance hypothesis" 
(previous section). Growth retardation may be viewed as an "attempt" 
by the organism to restrict growth to a level that maintains availa­
bility of energy relative to nutritional intake (Gopalan 1968). How­
ever, growth comprises a number of processes that involve changes in 
the structure and function of all body systems. For the purpose of 
discussion, growth will be arbitrarily divided into three main struc­
tural elements (bone, muscle, and fat) which will be discussed individ­
ually as evidence supporting the "balance hypothesis."
One of the most labile stores of protein is muscle tissue, and 
it is readily depleted during protein-calorie malnutrition (Robinow 
1968). It has been estimated that about 45% of muscle protein may be 
lost as a result of protein deficiency (Waterlow and Alleyne 1957)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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which reduces total muscle mass. Standard et al (1959, cited in 
Waterlow and Alleyne 1971) found that urinary creatinine excretion 
was high, indicating muscle mass was proportionally more affected 
than general body weight. Robinow (1968) determined that estimates 
of muscle wastage have correlated well with measured arm circumference, 
weight deficit, and other clinically defined indicators of protein- 
calorie malnutrition.
Such studies indicate that muscle protein stores are of secondary 
importance with regard to other more critical physiological functions, 
when muscle protein may be lost without seriously affecting muscle 
function. The loss of muscle protein without appreciable loss of 
muscle function is demonstrated by the equivalency of activity of 
low- and high-protein fed rhesus monkeys. Geist et al (1973) found 
no differences in malnourished monkeys and normal monkeys when activity 
was measured on an activity wheel.
Bone growth is also affected by malnutrition. Garn (1966) re­
ferred to bone growth as the severest test of nutritional sufficiency, 
with dietary deficiencies producing reduced axial and transverse bone 
growth, delayed appearance of ossification centers, multiple foci of 
ossification, poorly shaped epiphyses, abnormal mineral-to-protein 
ratios, reduction in ash weight, enlarged traberculae, and marked 
radioluscence. Specific to protein deficiency, transverse to linear 
bone growth is reduced (Garn 1966), indicating the bone structure is 
tighter and, since compact bone is lost, weaker. Enzyme analysis 
shows higher serum levels of aklaline phosphatase activity, believed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
to be bone in origin (Waterlow and Alleyne 1971), That is, destruction 
of osteoblastic cells (which contain large amounts of alkaline phos­
phates) is believed to account for a large proportion of serum alkaline 
phosphatase as the result of excretion of the enzyme from destroyed 
cells. The skeleton begins to lose its protein and mineral matrix in 
proportions equal to the degree of malnutrition (Robinow 1968). In 
severe cases, the degree of muscle loss may equal bone loss (Garn,
Rohman and Silverman 1967, cited iu Robinow 1968:416).
The effect of protein-calorie malnutrition on fat is not clear, 
there being different physiological responses during early stages of 
malnutrition than in the later more severe forms. In pigs, fat is 
preserved during kwashiorkor, but lost in the pre-kwashiorkor stage 
(Widdowson 1968). Other studies have indicated a loss of fat in pig's 
skin during severe malnutrition, but not necessarily during initial 
stages of deprivation. Liver stores of fatty acids derived from adi­
pose tissue rise greatly, producing symptoms of cirrhosis (Viteri 
et al 1964). It appears that the fat transport and metabolism mech­
anism is affected "primarily by the lack of proteins necessary to con­
vert the fat (Waterlow and Alleyne 1971). Therefore, subcutaneous 
fat stores are only secondarily defined by the "balance hypothesis" 
in that the amount of stored fat is related to other measures, namely 
fat metabolism by proteins. However, the approach is still relevant 
to the discussion, as fat stores are general indicators of physiological 
status.
Studies of these three body systems give supporting evidence to,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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in some way, the "balance hypothesis" in that nutritional deficiencies 
deprive the organism of these structural components. Growth is, how­
ever, conposed of these and other systems, and diagnosis of protein- 
calorie malnutrition by growth measures is dependent upon a number of 
variables.
The generalized effects of malnutrition manifested by growth 
retardation are usually expressed in terms of reduced height for age, 
reduced weight for age, or as reduced body dimensions for age. The 
classifications available represent a wide variety of measurement 
techniques and many different classificatory schemes. Gomez et al 
(1956, cited Waterlow and Alleyne 1971:120) formulated the first 
classification of growth retardation based on body weights of 90 to 
75%, 75 to 60%, and less than 60% of the Boston 50th percentile (Nelson 
1959, cited ijn Waterlow and Alleyne 1971) . These three percentile 
rankings corresponded to first, second, and third degrees of protein- 
calorie malnutrition. It should be noted that this study did not 
include any other clinical characteristic in determining degree of 
malnutrition.
The Lancet (1970) group proposed a refinement of the classification 
of protein-calorie malnutrition based upon percent body weight below 
the 50th Boston percentile. This classification included the presence 
or absence of edema as an additional factor for diagnosing the degree 
of malnutrition. This classification (Table 2) is useful because of 
its simplicity, and the fact that it does distinguish three syndromes 
(kwashiorkor, marasmus, and simply "underweight" children).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 2. CLASSIFICATION OF INFANTILE PROTEIN-CALORIE MALNUTRITION.^
Classification
% Below Boston 50th 
Percentile^ Other Signs
normal 100% expected body 
weight for age
"underweight" 60 to 80% expected 
body weight
kwashiorkor 60 to 80% expected 
body weight
edema
morasmic
kwashiorkor
less than 60% expected 
body weight
edema
marasmus less than 60% expected 
body weight
no edema
1. Lancet, 1970
2. Nelson, 1959, cited in Lancet, 1970
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Graham's (1968) classification is a further improvement on the 
use of growth retardation to diagnose degrees of protein-calorie 
malnutrition. Using the 50th percentile of the Boston standard curves, 
body weight, height, and head circumference measures were converted to 
a chronological age (i.e., the age at which the measures matched on 
the 50th percentile scale), which was called the "developmental age" 
(Graham 1968:301). The "developmental age" was then divided by the 
values expected for the child's actual chronological age based on the 
Boston standard curves. The value obtained was called the "develop­
mental quotient" (Graham 1968:301). The value of this classification 
is that it allows comparison of dissimilar measures such as height, 
weight, and head circumference. Since the "developmental quotient" 
is a discrete measure or score, once the dissimilar measures have been 
converted into a score they are comparable.
These three similar methods of classifying protein-calorie 
malnutrition may be criticized on several grounds. The Boston stan­
dard curves are standards based on American children. Experimental 
comparisons indicate that any population may deviate appreciably from 
"standard" populations (Robinow 1958:410). Robinow's proposed solution 
required establishing norms for the population under study by deter­
mining a distribution curve representing a cross-section of the body 
weights for that population. This curve was compared to the "standard" 
population curve to determine deviation, which could then be corrected 
for by transforming an individual's weight into an "equivalent weight" 
at a standard age (Robinow 1968:411). This means of standardization
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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normalizes the effects of any differences in the nutritional norms 
between the population under study and the standard population.
Without standardization, however, the analysis becomes more and more 
dependent upon population deviations from "normal" nutritional intake 
rather than differences due to nutritional deficits in the population 
under study.
Growth rate differences between the population under study and 
the control population constitute another source of problems in diag­
nosing nutritional deficits. The most common example of this is the 
use of chronological age as a means of determining growth deficits 
as a consequence of nutritional insufficiency. For example, the Lancet's 
(1970) study diagnosed protein-calorie malnutrition by the percentage 
below normal for body weight of an individual when compared to Boston 
standard curves. Graham (1968) used the same basic type of comparison 
to establish a standard score which was used to diagnose protein-calorie 
malnutrition by a discrete, quantitative score. If growth rates for 
the experimental and control populations differ appreciably, estimates 
using chronological age may either obscure or exaggerate differences 
due to nutritional intake. There is ample evidence supporting many 
differences in growth rates for different populations. Tanner (1956) 
summarized several studies which describe differences in growth rates, 
lengths of growth period, and changes in growth rates due to nutritional 
variables or infections. These growth rate differences reflect two 
levels of adjustment; the population and the individual (Tanner 1956:
48). Population differences refer to the adjustment through time of 
a population to its habitat, assuming long-term occupation. It may
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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be further differentiated as resulting from ecological, physiological, 
human evolutionary, and historical causes. Individual differences 
that result in growth rate changes at the population level involve 
medical, social and economic variables. Comas (I960) delineated four 
factors affecting growth rates which correspond to Tanner's (1966) 
category of individual differences. Comas' scheme included rural 
versus urban environments, socioeconomic status of parents, the reper­
cussions of war, and the population's state of health. In summary, 
these two sources indicate that diagnosis of protein-calorie malnu­
trition by comparison of individual growth rates in the experimental 
population with those of the control population is based on an erron­
eous assumption. Since chronological age is so crucial to adequate 
diagnosis, poor records of individual chronological ages raises addi­
tional problems for diagnosing protein-calorie malnutrition. Societies 
with a high degree of illiteracy often do not have even approximate 
estimates of a child's age (Strom 1963). Often, determination of 
chronological age must be by remembrance of past historic events, or 
by notable experiences to which may be assigned approximate dates. 
Insofar as age of onset of protein-calorie malnutrition is important 
for later consequences of growth and development (McFie and Welbourn 
1952), the indeterminacy of chronological age provides an additional 
and noteworthy research variable.
Graham (1968) recognized possible error by comparing a population 
with previously established norms, but asserted that severe deficits 
would be diagnosed despite differences in population norms for body 
weight. His defense is valid for the population he studied, but only
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because the individuals were suffering from severe malnutrition. The 
individuals discussed in Graham's study required emergency medical 
treatment and were admitted to hospitals. However, it may be argued 
that field research is not only designed to diagnose and treat severely 
malnourished individuals but also to determine the prevalence of pro­
tein-calorie malnutrition, its causes, and its complications. To this 
point, discussion of protein-calorie malnutrition has dealt with 
clinically severe ("frank") cases of nutritional deficiencies. The 
two most commonly recognized forms of protein-calorie malnutrition, 
kwashiorkor and marasmus, are together defined as a set of character­
istics that are indicative of the body's inability of continue physio­
logical function (Gopalan 1968, Waterlow and Alleyne 1971) . Frank 
cases are the result of a number of separate factors that together 
contribute to complete physiological failure. Evidence suggests, 
however, that the most prevalent forms of malnutrition are less severe 
cases (mild-moderate forms) of protein-calorie malnutrition (Kerr et al 
1970), In addition, mild-moderate forms are usually chronic, and are 
often more crucial to development than short-term severe deficiencies 
(Kerr et al 1970). If nutritional impairment continues, kwashiorkor 
or marasmus will develop at a later date. The individuals so affected 
are often difficult to diagnose; Dean (1963) found some children 
suffering from protein-calorie malnutrition to be only 8 to 35% under­
weight for their age. The children were diagnosed as malnourished 
by hair color changes, hypopigmentation of the skin, slight edema, and 
relatively poor appetites. Although the children exhibited no clear 
signs of malnutrition, they were expected to develop kwashiorkor or
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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marasmus if their specific nutritional deficiencies were not alleviated. 
MiId-moderate forms of protein-calorie malnutrition are difficult to 
diagnose for two reasons: (1) there is a continuous gradation from
normal individuals to those with clear-cut signs of kwashiorkor or 
marasmus and (2) the usual clinical signs used to diagnose malnutrition 
(e.g., edema, muscle or subcutaneous fat depletion) are absent or 
barely noticeable (Jeliffe and Welbourn 1963). This leaves body 
growth deficits as the most clearly definable and consistent criteria 
for diagnosis of nutritional insufficiency (Jeliffe and Welbourn 1963). 
As yet, available biochemical measures are too elaborate or expensive 
for extensive field study use and some of the tests are not of proven 
diagnostic value in that the results cannot be proven to be due to 
protein-calorie malnutrition. However, dependence upon body growth 
deficits for diagnosis necessitates accurate and consistently applied 
criteria. Thomson (1968) criticized current research for its lack of 
integration, and considered this lack of agreement as a contributing 
factor to the misunderstanding of a complex problem. Without redefining 
and elaborating the techniques currently in use, the misdiagnosis of 
protein-calorie malnutrition continues to be a distinct probability, 
especially when diagnosing mild-moderate forms. Current research is 
tending to develop a more detailed profile of a range of physiological 
changes and, at the same time, to introduce a number of new techniques 
and measures. More often than not, diagnosis is made on the basis of 
a number of separate tests, albeit the number, kind and interpretation 
of which are not in agreement.
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Since this study centers primarily upon the use of growth deficits 
in diagnosis of protein-calorie malnutrition, the following discussion 
is a rather extensive analysis of the problems associated with studying 
a number of nutritionally altered physiological functions and processes 
as they are integrated to produce morphological changes.
Definitions, Problems and Considerations
The brief review of human field studies showed an indiscriminate 
application of Boston standard growth charts to comparisons with ex­
perimental populations. The assumption of these studies was that there 
was no appreciable difference in growth rates between populations or, 
if variation did exist, the differences would not affect diagnosis. 
Robinow and Jeliffe (1966), on the other hand, found that some popu­
lations in Africa equalled Boston standards while others differed 
appreciably. Their study indicated that growth rate differences due 
to genetic and/or nutritional factors (see Tanner 1966; Comas 1960) 
made diagnosis only tentative. In a later study, Robinow (1968) 
recommended that standardization of different populations be made 
before comparing "normal" and experimental populations. Robinow's 
statistical method was to plot a standard curve for the population 
under study and compare it with the control population. He found that 
the ranges of the standard scores were very similar, and thus compari­
sons could be made between populations simply by applying a "correction 
factor" which compensates for the differences at any age. The only 
consideration that must be made with Robinow’s correction is that the 
correction factor requires sampling a large cross-section of the
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population. Also, consideration must be made for the particular sub­
group or area under study and how that sub-group or area differs 
from the rest of the population.
Robinow {1968) also studied and evaluated many of the measurements 
currently in use for diagnosing protein-calorie malnutrition. Robinow 
extensively modified the recommendation of the Committee on Nutritional 
Anthropometry of the Food and Nutrition Board (1956) on the basis that 
some measures were extraneous or not causally related to with nutri­
tional deficits. The committee's recommendation is summarized in Table 
3; Robinow's modified list of measurements is summarized in Table 4. 
Since Robinow's criticisms are useful in re-evaluating definitions of 
protein-calorie malnutrition, his comments will be rather extensively 
reviewed.
When one compares Robinow's simplified summary of necessary 
measures with those recommended by the Food and Nutrition Board, many 
are eliminated. The crown-rump length measurement was considered to 
be unnecessary since there was much inter-population variability due 
to genetic and nutritional differences. Also, growth of the extremi­
ties was known to slow down in proportion to body growth, a fact which 
made this measurement of disappointing utility. Stature was used in 
lieu of this measurement, for the reasons that stature was the best 
index of the cumulative effects of protein-calorie malnutrition. How­
ever, Robinow's logic may be criticized in that stature includes growth 
of the extremities which, by his own admission, is disproportionate 
over time in relationship to the rest of the body.
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Table 3. TABLE OF MEASUREMENTS RECOMMENDED FOR CHILDREN BY THE 
COMMITTEE ON NUTRITIONAL ANTHROPOMETRY OF THE FOOD AND NUTRITION 
BOARD, 1956.
Age
A
Basic
B
Circum­
ference
C
Diameter
D
Skinfold
Thickness
E
Roentgeno­
grams
Birth crovm-heel
crown-rump
length
body-weight
head
chest
bicristal
10 day-1 mo crown-heel
crown-rump
length
body-weight
same same same hand
3,6,9 mo same same
arm
calf
same same hand
1-6 yr same height no head 
circum­
ference 
after 3
bicristal
biacromial
same same
7-10 yr height
sitting
height
same same same same
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Table 4, RECOMMENDED FIELD MEASUREMENTS FOR ASSESSMENT OF PROTEIN- 
CALORIE MALNUTRITION
Primary
Age Arm Circumference
Weight Triceps Skinfold Thickness
Stature Cortical Thickness
Head Circumference Skeletal Age
Secondary
Monarchal Age 
Blood and Urine Samples 
Clinical Assessment 
Parental Height and Weight
1. Robinow, 1968, p. 414
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Weight and age were included as necessary measurements, and the 
reasons for their inclusion cannot be questioned. Weight is perhaps 
the only measure which represents long-term variations in growth, 
short-term changes in caloric reserves, and wasting by malnutrition 
and disease. This fact is very important for later discussions, since 
weight is the main basis for comparisons of other body measurements.
It is mostly on the importance of weight as a general indicator of 
the body's total state of health that these comparisons are comfortably 
made- Age is another "necessary" measure due to the dependency of the 
effects of malnutrition on age. In addition, the age of an individuals 
is important for all measures of growth deficits now employed.
Arm circumference was deemed important because it represents 
muscle loss and correlates well with other deficits such as weight 
loss and stature changes. Muscle was previously referred to as a labile 
store of protein which lost at a rate comparable to the degree of pro­
tein-calorie malnutrition. Calf circumference was omitted from Robi­
now *s summary since it was highly correlated with arm circumference 
and could be excluded. Like arm circumference, triceps skinfold was 
deemed an important measure of local and total stores of fat. This 
skinfold measurement was the only one taken, since other skinfold 
measurements were highly correlated and also unnecessary. Arm cir­
cumference and triceps skinfold emphasize the importance of muscle, 
bone, and fat in diagnosis of malnutrition. All represent labile 
stores which are depleted during nutritional stress. For this reason, 
measurements which quantify the degree of loss (e.g., arm circumference, 
skinfolds) represent the most important means of determining nutritional
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insufficiency.
Unlike measures that indicate changes in all labile stores of 
protein, radiography is a means of selectively analyzing changes in 
bone structure. Cortical thickness, ascertained by radiography, was 
therefore included for two reasons; (1) bone matrix loss is charac­
teristic of protein-calorie malnutrition and (2) this measure provides 
a means of evaluating retardation of skeletal maturation. Protein- 
calorie malnutrition slows maturation processes, especially where bone 
growth is concerned (Garn 1966). Thus, analysis of skeletal age versus 
chronological age is a valuable measure of how individual growth and 
maturation are affected.
Head circumference was included because it was the only measure 
which approximates changes in brain size. Head circumference is 
highly correlated with growth deficits such as stature and weight, 
and also represents changes in cortical thickness and temporal muscle 
as well as brain size.
The review of Robinow’s (1968) simplified list of measurements 
(Table 4) is necessary in order to elaborate two concepts. The first 
of these is the value of breaking down a number of measures into their 
component elements in order to define relationships between various 
body measures (that represent bone muscle and fat loss) and indices 
of the body's general nutritional state (i.e., weight and stature)- 
Diagnosis may then be expediated by selecting those relationships be­
tween measurements that are sensitive to nutritional impairment. This 
study deals mainly with proportional size relationships and, as shown 
by this review of Robinow*s (1968) simplified list, ascertainment of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
23
changes in individual measurements is essential to understanding the 
problem. The second concept to be elaborated is that correlating 
growth deficits such as weight and stature with a particular measure­
ment does not necessarily aid in diagnosis. The demonstration of 
correlation does not establish any firm or necessary relationship 
between the two measurements as a result of malnutrition, there being 
no empirical justification for the assumption that diagnosis is possi­
ble by mere correlation of traits. Upon analysis of Robinow's tables, 
it becomes obvious that the correlation of stature and weight to another 
measurement is also possible for well-nourished individuals. For corre­
lation to have any meaning, it must be established that the correlation 
points to altered growth rates.
A general review of the literature and the techniques used in 
diagnosing protein-calorie malnutrition may be summarized as follows:
1. The primary emphasis in diagnosis is given to degree of growth 
deficit, usually measured by the percentile ranking of an individual 
in relation to expected values based on a "normal" population. This 
method was criticized on the basis of known differences of average 
nutritional intake and genetic differences between the experimental 
and "normal" populations, and because chronological age was used as 
a dependent variable. Much disagreement accompanies the application 
and determination of these measurements, resulting in lack of compara­
bility between studies; and without such agreement there will be no 
meaningful, concise comparisons of geographic areas to determine the 
causes, conditioning factors, and unique consequences of protein-calorie 
malnutrition around the world.
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2. When broken into more separable elements as Robinow (1968) 
has done, the phenomenon of growth appears as a complex set of inter­
related morphological changes that produces changes in total morphology. 
Yet, despite the fact that these measurements are highly correlated, 
there is nothing that illustrates the dynamics of morphological change 
by breaking it down into component parts. The resultant classification 
then becomes only tentative; without knowing what changes are occurring, 
it is impossible to test the validity, and therefore the value, of the 
diagnostic criteria.
3. Other measurements, such a biochemical or radiographic indices, 
may be used as additional tests for diagnosis. Yet body growth deficits 
still remain the least expensive to ascertain, the easiest measures to 
take, and as potentially accurate as any other measure. By redefining 
and encouraging research analyzing the current techniques, it should
be possible to further refine the measurements now employed and to in­
troduce new measurements, the objective of which is to improve diagnostic 
abilities.
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CHAPTER II
SYSTEMATIC ALLOMETRY AND ITS APPLICATION TO THE 
STUDY OP PROTEIN-CALORIE MALNUTRITION
Purpose of the Study
The purpose of this study has been to attempt to explain several 
of the factors involved in diagnosing protein-calorie malnutrition. 
Growth rates have been analyzed for a number of linear, transverse, 
and proportional body measurements. Using the theoretical concept of 
systematic allometry and applying it to experimental animal subjects 
placed on experimental low-protein diets, the object has been to de­
fine those measurements which most accurately (or at least most sig­
nificantly) define nutritional insufficiency. By analyzing the effect 
of protein-calorie malnutrition on specific body dimensions, it is 
postulated that the interrelationships of these body dimensions will 
be made more clear. As this relates to total morphological changes, 
such analysis should permit more accurate assessments of the measures 
representing morphological changes of a number of separate elements.
Briefly stated, the objectives of the study were to compare low- 
and high-protein groups to determine which dimensions are most affected 
by malnutrition and whether these changes are consistent within groups. 
As a means of control, data from older high-protein fed animals are 
presented as a means of determining the limits of age for which the
25
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diagnosis is effective. Additionally, data from rehabilitated animals 
are offered as a means of further illustrating the interrelationships 
of proportional growth during malnutrition and recovery stages.
Assessment of systematic allometry is used as the main process
in determining the magnitude of the changes. This methodology has 
been shown to be of great value in studies of normal animal populations, 
and it is here used to determine deviations during pathological or 
disease states. Since systematic allometry has not previously been 
used in this context, it is expected that this study will also point 
to the applicability of this concept to disease states. For systematic 
allometry to be a significant design in the study and diagnosis of pro­
tein-calorie malnutrition, it is felt that the method must satisfy the
following criteria:
1. Elimination, insofar as possible, of chronological age depen­
dent variables. Since systematic allometry is not dependent upon age, 
some portion of variability due to growth rate differences and lack of 
accurate age ascertainment is lost, making diagnosis more reliable. 
Although the proportional size relationships defined by systematic 
allometry do change over time, the changes are slow enough to allow 
for a wide latitude of size changes.
2. The measurements should not involve expensive, delicate or 
complicated instruments. This consideration is made for practical 
field problems encountered in marginal areas. Field research is often 
seasonal and must cover broad areas in minimal time if a cross-section
of the population is to be tested. The test subjects are often unwilling 
to participate in long or aversive tests (such as blood drawing), adding
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to existing problems. Systematic allometry is a reliable and apparently 
constant relationship for most, if not all, populations, and allometric 
relationships may be ascertained with minimal equipment. The reliability 
of allometry is also of use since a smaller proportion of the population 
need be tested to quantify growth curves.
To illustrate the concept of systematic allometry, the following 
section reviews the major theoretical assumptions and previous research 
using the concept.
Allometry of Size
Studies of growth curves have indicated that two body dimensions 
(arbitrarily defined and/or measures) often grow in such a way that 
the ratio of their growth rates remains constant for considerable 
lengths of time (Simpson, Roe and Lewontin 1960). This relationship 
may be represented mathematically by the formula (dy/ydt)=K(dx/xdt) ; 
where X and Y are two body dimensions, ^  is the time period, and K is 
a constant (Huxley 1932, cited Stahl and Gummerson 1967:22). In 
allometric growth, "the ratio of dimensions, x/y, is constantly changing, 
while the ratio of rates Kgx/Kgy is constant" (Simpson, Roe and Lewontin 
1960:398) (Kgx/Kgy is equivalent to dy/ydt//dx/xdt), which is thus a 
descriptive statement indicating proportional relationships between 
the rates of growth for two body dimensions. If the relationship is 
constant, the two body measures may be represented by the power function 
formula Y=aX^ (see Appendix B for derivation of the power formula from 
growth curve relationships). When X and Y are graphed on a rectilinear 
scale, the relationship is parabolic, and to compensate for this
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(i.e., to linearize the data) the log^^ derivative of the data is taken 
(Brody 1964). The data in log^Q form are represented by the log^g
derivative of Y=aX^, which is log Y=b log X + log a. The log^g
derivative of the power formula is equivalent to the general form of 
a line, Y=raX + b; where m is the slope of the line and b is the y-axis 
intercept equivalent to b and log a of the power formula, respectively. 
Therefore, the iog^g derivative of the power formula may be represented 
mathematically by the line of closest fit representing the distribution 
of points for X and Y. For a population, the proportional growth rela­
tionships may be quantified by taking the logqo derivative of the data 
points and applying statistics for describing a line (determining the 
values for ^  the slope and log a, the Y-axis intercept). In doing so, 
the proportional relationships for any set of body dimensions may be 
compared by common statistical techniques. When values for ^  and/or 
^  of the power formula differ significantly between the two populations, 
then the two populations have different proportional size relationships.
Ideally, allometry of growth is based upon dimensions measured 
regularly over a period of time from which growth rates and thus pro­
portional relationships- may be determined. "This relationship between 
X and Y may apply either to dimensions of one organism at any given 
time or to the same dimension of two organisms both of the same age" 
(Simpson, Roe and Lewontin 1960:396). In this study, it is assumed
that quantitative measures derived from sampling low-protein and high-
protein fed populations are roughly equivalent to the values that may 
be derived by following the growth of malnourished monkeys and their 
controls over time.
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The value of systematic allometry as a descriptive technique is 
its use in defining elastic criteria that define limits of body pro­
portions and, consequently, the limits of metabolic rates {McMahon 
1973). When analyzed in terms of structural elements and size pro­
portion limitations, allometric relationships for a number of body 
dimensions are unusually stable. For example, Stahl and Gummerson 
(1967) compared five species of primates by allometry for a number 
of body and organ measurements, skeletal and organ weights. Their 
results showed remarkably high coefficient correlations (up to r=.995) 
when all populations were compared. Davis (1962) made the same type 
comparisons in the lion-to-house cat series, finding basically the same 
highly correlated values as did Stahl and Gummerson (1967). McMahon 
hypothesized that, within family groups (within which shape is grossly 
similar), "the only change in shape permitted is for lengths to bear a 
specified relationship to diameters : all lengths will be proportional
to one another, as will be their diameters" (1973:1202). On the basis 
of theoretical analysis of diameter/length ratios, the general values 
for ^  and b of the power formula Y=aX^ may be predicted within limits. 
These predicted values allow comparisons of the hypothesized values 
expected on the basis of theoretical metabolic and structural models.
For example, respiratory frequency per body size was calculated on the 
basis of lung volume and alveolar ventilation, establishing a b coeffi­
cient of -.25, which was experimentally established by Adolph (1949, 
cited McMahon 1973:1204). The apparent ability to predict metabolic 
relationships by elastic criteria bears important implications for changes 
in allometric relationships.
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On the basis of McMahon's study, it is postulated that if propor­
tional relationships change during protein-calorie malnutrition, then 
metabolic changes will result. Although it has not been the intent 
of this study to ascertain changes in metabolic functioning, the postu­
late bears important implications for changes in proportions that occur 
during protein-calorie malnutrition.
Thus, the goal of this study may be defined as a check on current 
diagnostic criteria, proposing a possible new means of diagnosis using 
systematic allometry for describing the changes in growth and implying 
changes in metabolic functioning. However, before the results are pre­
sented, it is necessary to justify the use of a primate model.
Additional Problems in Human Research
In humans, protein-calorie malnutrition is studied on the popula­
tion level mostly by field research and hospital studies (field clinical 
surveys). But the number of extraneous variables that interrelate with 
nutritional deficiencies poses a number of problems for defining the 
physiological and psychological consequences of inadequate nutrition. 
Major problems that arise in the study of human populations may be 
divided into three categories :
1. Protein-calorie malnutrition involves, with few exceptions, 
a number of associated deficiencies, varying degrees and types of calorie 
insufficiencies and associated infections (Waterlow and Alleyne 1971). 
Because of these variables, different etiologies and physiological con­
sequences may be ascertained only by comparisons between geographical 
areas where these factors are known to vary (Waterlow and Alleyne 1971)-
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2. Human populations usually have associated environmental and 
socioeconomic variables in addition to nutritional variables. Stoch 
and Smythe (1968) found that emotional and environmental deprivation 
sometimes overshadows the effects of undernutrition on intelligence 
tests. Lowenstein (1963) isolated a number of factors that influence 
the effects of protein-calorie malnutrition. These factors included 
ignorance characteristic of lower income social levels and impoverished 
areas, poverty, cultural variables that reflect religious beliefs or 
traditional values, and a new pregnancy which terminates the older in­
fant's period of breast feeding.
3. Human populations cannot be experimentally manipulated.
Field clinics are aimed at correction of severe nutritional deficiencies 
and, if possible, the prevention of severe deficiencies in the future
by working to solve causal factors that eventually cause physiological 
breakdown. Morally, such studies require immediate rehabilitation of 
malnourished individuals without benefit of long-term observational 
studies. Studies extensively analyzing rehabilitation processes have 
been conducted, but these are only of secondary importance to the study 
of actual deprivation. Diagnosis of protein-calorie malnutrition is 
based upon only a brief examination period and a single observation of 
an individual. This mitigates against determination of a case history 
with any degree of detail, and obscures an already confusing subject.
Animal Models
Owing to the difficulties of method and interpretation outlined 
in the previous section, research using animal models has become
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increasingly useful. The ability experimentally to manipulate the 
laboratory population, and to control experimental conditions are 
prime requisites for studying the complexities of protein-calorie 
malnutrition. These advantages, however, are countered by distinct 
disadvantages that make comparisons between human and animal popula­
tions difficult and of questionable validity. The following is a 
summary of the advantages and disadvantages of using experimental 
animals for nutritional research programs (adopted from Widdowson 
1968) :
Disadvantages ;
1. Experimental animals, with few exceptions, have different 
requirements than humans. Non-human subjects usually 
have higher metabolic rates, which is characteristic of 
smaller organisms, and often grow much more rapidly than 
humans. Graham (1968) found that long-term expressions 
of protein-calorie malnutrition are highly dependent 
upon the time at which malnutrition began and the se­
verity of nutritional deficiency. Since most animals 
grow more rapidly (e.g., pigs are often used in experi­
mental studies despite the fact that they grow 150-180 
times faster than humans) , the age at which the experi­
mental diets are administered and the amount of depri­
vation is very crucial for comparisons of non-human and 
human populations.
2. Diet regimes may be controlled to produce single or 
multiple deficiencies, but human populations almost
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always have multiple deficiencies of a complex nature.
This makes comparisons between experimental (controlled) 
deficiencies and actual population deficiencies difficult.
3. Complete ascertainment of the effects of protein-calorie 
malnutrition should be accomplished by experimental in­
festation or infection but it is virtually impossible to 
induce these variables into nutritional studies.
Advantages :
1. Protein-calorie malnutrition may be induced in a number 
of experimental animals, and the malnourished and well- 
nourished populations may be set up with control of sex, 
age, and diet.
2. The results of single deficiencies may be isolated.
Once data from a number of populations tested for a 
single deficiency or specific set of deficiencies are 
derived, specific etiologies and resultant physiological 
changes may be defined, describing how the organism ad­
justs to dietary deficiency.
3. The development of protein-calorie deficiency may be 
followed as a well-documented series of changes beginning 
with "normal" animals, a procedure which is impossible to 
use in human populations. In human populations, cases of 
malnutrition are usually known only when the individual 
receives medical care for "frank" malnutrition. In lab­
oratory animals, these changes may be adequately documented,
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and they allow greater manipulation of environmental 
variables.
4. The study may be terminated at any time, either by
sacrificing the animal and histologically examining it 
or by rehabilitating the animal and observing recovery.
The comparability of results from experimental animal models to 
human populations depends upon whether or not the animal condition is 
representative of human nutritional deficits. In order to make such 
a comparison, it must be established that the experimentally induced 
condition of protein deficiency is similar to that of malnourished 
humans on the basis of standard definitions. The animals used in this 
study were rhesus monkeys, a standard laboratory animal used in many 
experiments because of their ease of maintenance and breeding, the 
close relationship of physiological functions as compared to those of 
humans, and their mental abilities which are complex, but considerably 
less developed than those of humans. The rhesus monkey has proven to 
be of research value in nutritional studies. Ramalingaswami and Deo 
(1968:266) were able to produce all known essential features of kwash­
iorkor with simple protein deficiencies. The symptoms could be varied 
in severity by changing protein quantities, with rehabilitation (by 
simply adding protein) reversing the effects of nutritional deficiency 
(Deo, Good and Ramalingaswami, cited Ramalingaswami and Deo 1968:
266). Kerr and Weisman found that they could experimentally induce 
simple protein-calorie malnutrition in rhesus monkeys by reducing total 
protein intake (1968). They were not, however, able to produce clinical 
symptoms of kwashiorkor or marasmus in their experimental studies. At
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the University of Montana's Animal Behavior Laboratory, one case of 
kwashiorkor-like symptoms was produced in an experimental animal. The 
exhibited skin lesions, "flaky paint" rash, hypoalbuminemia with ele­
vated gammaglobuline, gross edema, and extreme loss of body weight 
(Geist and Zimmermann 1974), symptoms which could not be induced in 
Kerr and Weisman's experiment (1968). Apparently, the rhesus monkey 
is able to adjust more readily to lowered protein intake under labor­
atory conditions. Adequate control of environmental variables found 
in laboratories produced a more stable experimental environment, such 
that nutritional stress is not compounded by associated (and extraneous) 
environmental variables. It should be remembered that kwashiorkor and 
marasmus are defined as a breakdown in the body’s adjustive mechanisms 
(Gopalan 1968) and that in human populations stresses that accumulate 
to produce this breakdown include social and economic variables.
In summary, non-human studies are the only means of deriving the 
physiological and behavioral consequences of protein-calorie malnutrition 
in a relatively uncomplicated manner. It must be remembered, however, 
that adequate controls must be maintained when comparing data derived 
from animal studies to data describing the effects of protein deficiency 
in human populations.
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THE LABORATORY POPULATION
Materials
The laboratory population tested in this study consisted of 39 
rhesus monkeys (Macaca mulatta) b o m  at the laboratory and a control 
group of 9 sub-adult (adolescent) rhesus male monkeys purchased as 
infants from the University of Oregon Regional Primate Center and 
raised at this laboratory. These monkeys constituted four groups of 
experimentally fed animals: (1) one group of low-protein fed monkeys,
(2) two groups of high-protein fed monkeys, one group being older than 
the other, (3) one group of low-protein fed monkeys rehabilitated to 
the high-protein diet, and (4) one group of monkeys fed a standard 
laboratory chow diet.
The infant monkeys born at this laboratory were separated from 
their mothers at 90 days of age and housed in individual cages. The 
infants were fed a milk substitute formula (Prosobee, Mead Johnson and 
Company, Evanston, Illinois) at 2 or 4 hour intervals depending upon 
the size and health of the infant. When the infant was self-sufficient, 
he was provided with a wire surrogate which held a milk bottle for 
feeding, allowing him continuous access to food. The model for the 
wire surrogate and its uses were described by Harlow (1959). The 
surrogate was used until the infant was weaned and was then removed.
36
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One or two weeks after separation from their mothers, the infants were 
weaned to the purified 25% protein (high-protein) diets (Table 5).
The separation and weaning procedures have been extensively reviewed 
by Blomquist and Harlow (1961).
At 210 days of age, one of the groups of monkeys (n=6) was put on
the 3.5% of protein (low-protein) diets (Table 5). After 17 months on
the 3.5% protein diet, the group was fed a 2% protein diet (Table 5} 
for 12 months in order to maintain body weight. After this period (at 
29 months) the groups was again fed the 3.5% diet. After a total of 
42 months on the 3.5% and 2% low-protein diets, the group was rehab­
ilitated to the 25% protein diet. Rehabilitation proceeded by increas­
ing the low-protein diet by one-sixth per week for six weeks until the 
animals were maintained exclusively on the 25% diet. The rehabilitation 
process was extended in this manner to prevent death caused by rapid 
protein ingestion. This group was matched by a control group of monkeys 
maintained on the 25% diet since 90 days of age (n=4).
Another group of monkeys (n=4) was put on the 3.5% diets at 120 
days of age and was rehabilitated after 42 months. Rehabilitation was
carried out in the same manner as described for the other rehabilitated
groups. This group was also matched by a control group of monkeys main­
tained on the 25% protein diets since 90 days of age (n=4).
The low-protein (3.5%) group of monkeys (n=ll) measured in this 
study were put on the diets at 120 days of age and were matched by a 
control group (n=10) fed the high-protein diet.
The group of adolescent male rhesus monkeys was purchased from 
the Portland primate facility as infants. They were housed individually
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Table 5. COMPOSITION OF EXPERIMENTAL DIETS.
■
Low Protein 
2% Protein
Low Protein 
3.5% Protein
High Protein 
25% Protein
Primex^ 9.0 9.0 9.0
Fat-soluble vitamin 1.0 1.0 1.0
Crude casein 2.0 3.5 25.0
Cerelose2 39.7 39.0 29.0
Dextrin^ 39.9 39.0 27.7
Salts (BMW)4 4.0 4.0 4.0
B-vitamin premix 2.0 2.0 2.0
Choline dihydrogen citrate 0.3 0.3 0.3
Ascorbic Acid 0.03 0.03 0.03
Alphacel^ 2.0 2.0 2.0
Totals 99.93 100.03 100.03
1. Primex, Proctor and Gamble Company, Cincinnati, Ohio
2. Cerelose, Coin Products Company, Argo, Illinois
3. Dextrin (white tech.). Nutritional Biochemicals Corporation,
Cleveland, Ohio
4. Hubbell, R. B. , Mendel, L. B., and Wakeman, A. J. Salt Mixture, 
Nutritional Biochemicals Corporation, Cleveland, Ohio
5. Alphacel (non-nutritive bulk), Nutritional Biochemicals Corporation,
Cleveland, Ohio
B vitamin premix in 2 grams cerelose mg
Thiamine HCl 0.40
Riboflavin 0.80
Pyridoxine HCl 0.40
Ca Pantothenate 4.00
Niacin 4.00
Inositol 20.00
Biotin 0.02
Folic Acid 0.20
Vitamin B-12 0.003
Menadione 1.00
Fat-soluble vitamins in c o m  oil mg
Vitamin A acetate 0.31
Vitamin D (Calciferol) 0.0045
Alpha-tocopherol 5.00
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and fed standard laboratory monkey chow {Purina Monkey Chow, Ralston 
Purina Company, St. Louis, Missouri) containing about 14% protein.
The experimental diets (2%, 3.5%, and 25% protein) were prepared 
at the laboratory using purified reagents as specified in Table 5- 
The diets were isocaloric and contained all recommended quantities 
of minerals, salts, fats, carbohydrates and starches. This allowed 
manipulation of protein intake while, at the same time, ensuring that 
no other nutritional deficiencies were present. Relevant information, 
including ranges in weights and ages, for all animals tested is summar­
ized in Appendix A.
Method
Thirty-one body dimensions were measured on each monkey in accord 
with the procedure described by Schultz (1929). Measurement technique 
was adjusted wherever necessary to allow the procedure to be used on 
living subjects. All monkeys were anesthetized with a general anesthetic 
(Ketaset, Bristol Laboratories, Syracuse, New York) to provide a consis­
tent level of facilitated handling. The animals were measured with a 
30 cm spreading caliper, a 20 cm sliding caliper, a 200 cm flexible 
steel tape, and a 3 m anthropometer. The measuring instruments were 
used as recommended by Schultz (1929) or adjusted to approximate the 
measuring procedures as closely as possible, and all body measurements 
were taken to the nearest 0.5 mm.
Body weights for each animal were taken to the nearest gram for 
2 days prior to measurement, on the day of measurement, and for 2 days 
after measurement. Mean body weight for the 5-day period was then
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determined for the animal. This procedure was followed to insure no 
fluctuations in body weight due to water loss or gain, or differences 
in feeding habits. It has been observed at this laboratory that mon­
keys may lose or gain 5 to 10% of their weight from one day to the next, 
and this procedure was thought to minimize chance fluctuation.
Clinical Signs
The experimental design of this laboratory was to induce mild- 
moderate forms of protein-calorie malnutrition in infant rhesus mon­
keys. The clinical signs evidenced by these monkeys after a period 
of time on the low-protein diets defines the degree of malnutrition.
The following is a summary of the clinical signs by which mild-moderate 
forms of protein-calorie malnutrition are diagnosed in the monkeys.
Total protein levels are lowered in the low-protein monkeys.
Average values for the high-protein monkeys was approximately 7.4 gms 
protein per 100 ml serum, while the average for the low protein-monkeys 
was approximately 6.6 gms protein per 100 ml serum. Electrophoretic 
analysis of the serum constituents indicated a drop in albumin levels, 
but no inversion of the albumin-globulin ratio. This ratio is usually 
greater than 1 in normal monkeys, and when it drops below 1 it indi­
cates a fall in albumin levels. Albumin levels are expected to fall 
in malnutrition over long periods of time (Hansen 1968), while other 
serum proteins remain constant, producing the drop in the albumin/ 
globulin ratio.
Alkaline phosphatase levels increased, the average value for low- 
protein monkeys is 451 Internation Units (lU) and for the high-protein
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animals, the average values are 338 lU. Whitehead (1968) found alka­
line phosphatase levels to be increased during malnutrition, indicating 
adjustment by the body to increase metabolism of substrates (Pineda 
1968).
Hair changes in the low-protein monkeys included sparseness, 
brittleness, and extreme hair loss in some monkeys. The skin in some 
monkeys was hypopigmented, which is an occasional sign of malnutrition 
(Wayburne 1968).
The evidence of weight deficits for low-protein fed monkeys is 
illustrated in Figures 1 and 2. These figures indicate moderate weight 
loss with little weight gain throughout the period of malnutrition. 
Figure 2 illustrates the effect of rehabilitation from low-protein 
diets to high-protein diets as weight gain increased dramatically.
Since weight deficits are among the most significant measures of pro­
tein-calorie malnutrition, these graphs are important for verifying 
experimental nutritional deficits.
Contrary to Lancet (1970) recommendation, there was no edema 
present to classify kwashiorkor, putting the low-protein monkeys in 
the category of "underweight." There are two reasons for the dis­
crepancy of diagnosis: (1) the category of "underweight" is the same
as for kwashiorkor after edema has developed, and this category may 
be considered to represent mild-moderate forms of protein-calorie mal­
nutrition that are not sufficiently advanced to produce more severe 
signs. (2) Those monkeys who developed edema were immediately given 
laboratory monkey chow, since edema indicated the probability of more 
serious physiological disturbances that were as yet undeveloped.
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Figure 1. GRAPH OF WEIGHT GAIN FOR HIGH- AND LOW-PROTEIN FED MONKEYS 
FOR THE FIRST 500 DAYS.
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Figure 2. GRAPH OF WEIGHT GAIN FOR HIGH- AND LOW-PROTEIN ANIMALS 
OVER AN EXTENDED PERIOD OF TIME SHOWING THE EFFECT OF REHABILITATION 
FROM LOW TO HIGH PROTEIN.
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Low-protein monkeys were not as resistant to infections and are likely 
to have prolonged illnesses, thereby necessitating immediate attempts 
at therapy if more serious signs of kwashiorkor developed.
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CHAPTER IV
RESULTS
Introduc t ion
The results of this study indicate that growth rate changes during 
malnutrition are very complex and that they do not follow any general­
ized reductions in growth rates relative to weight gain and total spine 
length growth. There is variability in growth rates during malnutrition 
which produces disproportionate size changes, from which it is possible 
to construct a list of diagnostic criteria that may be utilized in 
determining degree of malnutrition within certain statistical limits 
of confidence. Another product of this study is the re-evaluation of 
current diagnostic criteria. It will be shown that many measurements 
currently in use as diagnostic tools are, to a great extent, misleading. 
This is especially true of measurements that may be separated into two 
components whose respective growth rates are affected differently by 
malnutrition.
This study does not, however, clearly establish systematic allom- 
etry as an ideally suited tool in diagnosing prospective cases of pro- 
tein-calorie malnutrition. In using statistical methods practical in 
analyzing the amount of data, the study has not clearly identified two 
distinct populations of high- and low-protein fed animals. A possible 
reason for indeterminancy of results may be any one, or all, of the
45
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following: lack of sensitivity of systematic allometry, difficulty
in adequately precise measurement technique, lack of significant 
deviation in growth rates during malnutrition, or significance that 
was not determined statistically. Since no other comparative data 
exist for the application of systematic allometry to the study of 
malnutrition, it is virtually impossible to determine which of the 
possible variables outlined above is predominant.
In order to analyze the data three categories were established: 
head measurements, linear and transverse trunk measurements, and linear 
and transverse extremity measurements described in Appendix C. The 
data were transformed into base ten logs and correlated against the 
base ten logs of both weight and total spine length which represent 
Y and X, respectively, in the power formula Y=aX^. The regression 
correlation coefficient (r) was determined by the least-squares method 
preprogrammed on a calculator. The regression fits of ^  and b, and 
the 95% confidence limits of b, were determined by a computer program 
originally prepared by Sokal and Rohlf (1969) (see Tables 6 through 15).
The values of b were compared between: (1) the high- and low-
protein fed groups; (2) the two high-protein fed groups; (3) the 
high-protein groups with the "normal" laboratory chow fed group; and 
(4) the high- and low-protein groups with the rehabilitated group.
The high- and low-protein fed groups were compared to determine which 
body dimensions were affected by protein-calorie malnutrition and what 
measures might serve as the most suitable diagnostic criteria. The 
two high-protein fed groups were compared to establish that the measures 
sensitive to the effects of malnutrition are also stable through time
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TABLE 6. ALLOMETRIC VALUES AND CORRELATION COEFFICIENTS FOR BODY
MEASUREMENTS OF THE LOW-PROTEIN FED GROUP DETERMINED USING WEIGHT
AS THE X-VALUE IN THE POWER FORMULA Y=aXb.
r b 95% CL* a
Of b
Head length .94 .16 .12 - .20 24.00
Base length .85 .14 .07 - .21 27.01
Head breadth .70 .26 .06 — .45 9.18
Horiz. head circumference .86 .15 .08 - .22 76.37
Head height .30 .19 —.26 — .64 10.16
Total head height .78 .22 .08 - .35 15.21
Sagittal head arc .72 .17 ,04 - .28 34.72
Transverse head arc -71 .13 .03 - .23 48.11
Ear height .69 .19 .04 - .33 8.56
E:ar breadth .55 ,16 —.03 — .34 8.45
Sitting height .93 .37 .31 - .43 21.65
Total spine length .96 .35 .27 - .42 23.87
Trunk height .97 .37 .30 - .44 14.34
Shoulder breadth .93 .30 .21 - .39 9.08
Hip breadth .97 .43 .34 - .51 19.02
Chest breadth .58 .51 .48 - .55 1.46
Chest circumference .97 .34 .28 - .40 18.68
Tail length .90 .30 .19 - .42 16.67
Thigh length .96 .45 .35 - .56 3.64
Mid-upper leg circumference .88 .48 .29 - .67 3.58
Knee height .94 .37 .27 - .47 6.50
Leg length .98 .41 .34 - .48 5.53
Foot length .96 .33 .26 - .41 8,93
Foot breadth .97 .34 .28 - .40 1.99
Toe length .95 .32 .24 - .40 7.35
U]pper arm length .98 .58 .55 - .61 1.36
Mid-upper arm circumference .76 .28 .09 — .47 11.96
Forearm length .93 .41 .29 - .52 4.47
Hand length .92 .33 .23 - .44 5.61
Hand breadth .90 .20 .13 - .28 5.67
Thumb length .72 .28 .07 - .48 4.64
* 95% Confidence Limits of b.
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TABLE 7. ALLOMETRIC VALUES AND CORRELATION COEFFICIENTS FOR MEASUREMENTS
OP THE HIGH-PROTEIN FED GROUP DETERMINED USING WEIGHT AS THE X-VALUE IN
THE POWER FORMULA Y=ax‘’.
r b 95%
of
CL*
b
a
Head length .87 .23 ,13 - .34 13.10
Base length .83 .25 .11 — .38 11.38
Head breadth .86 .26 .13 - .38 8.72
Horiz. head circumference .91 .16 -.03 -.34 30.78
Head height -.22 -.12 -.05 - .26 112.45
Total head height .19 .09 -.29 - .46 41.50
Sagittal head are .57 .51 .28 - .74 37.72
Transverse head arc .44 .15 -.09 - .35 47.14
Ear heigth .46 - .05 -.44 - .35 7.35
Ear breadth -.09 .26 .17 — . 36 43.80
Sitting height .81 .35 .15 - .59 22.90
Total spine length .67 .21 .02 - .40 66.45
Trunk height .52 .28 .05 - .52 27.23
Shoulder breadth .69 .28 .04 - .51 11.27
Hip breadth .95 .42 .32 - .53 2.81
Chest breadth .73 .44 .09 - .80 2.56
Chest circumference .88 .44 .24 — .63 8.62
Tail length .85 .53 .26 — • 80 2.83
Thigh length .68 .32 .04 — ,60 9.69
Mid-upper leg circumference .78 .47 .16 - .78 3.83
Knee height .51 .20 -.08 - .48 24.75
Leg length .79 .27 .10 — . 44 15,48
Foot length .89 .38 .23 - .54 2.08
Foot breadth .90 .41 .25 - . 56 1.14
Toe length .87 .35 .19 - .51 5.92
Upper arm length .84 .32 .15 - .50 8.94
Mid-upper arm circumference .88 .51 .28 - .74 1.96
Forearm length .46 .19 -.11 — .48 24.74
Hand length .76 .38 .11 - .65 3.78
Hand breadth ,85 .25 .12 - .38 4.00
Thumb length .82 .67 .30 -1,05 .19
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r b 95% CL* 
of b
a
Head length .90 .26 .14 - .38 9.80
Base length .90 .29 .15 - .44 6.85
Head breadth .83 .27 .08 - .45 7.19
Horiz. head circumference .91 .32 .20 - .45 17.09
Head height -.77 -.33 —.61 — .05 793.05
Total head height -.77 .32 .05 - .60 5.43
Sagittal head arc -.21 -.02 -.11 - .07 157.04
Transverse head arc .85 .27 .11 - .43 13.46
Bar height .91 .26 .15 - .38 4.05
Ear breadth .80 .34 .08 - .59 1,58
Sitting height .92 .30 .18 - .42 35.29
Total spine length .90 .30 .15 - .45 32.00
Trunk height .92 .34 .19 - .48 17.62
Shoulder breadth .78 .31 . 06 — .57 8-60
Hip breadth .94 .37 .23 - .50 4.57
Chest breadth .80 • .39 .01 - .67 3.98
Chest circumference .94 .38 .25 - .51 13.39
Tail length .73 .28 .00 - .56 21.41
Thigh length .55 .30 .14 - .46 11.81
Mid-upper leg circumference .88 .28 -13 - .43 19.07
Knee height .92 .34 .19 - -47 7.86
Leg length .89 .26 .13 - .40 17.40
Foot length .71 .14 .00 - .28 43.63
Foot breadth .79 .16 .04 - .29 8.26
Toe length .81 .17 .05 - .29 25.92
Upper arm length .89 .31 .16 - .47 10.07
Mid-upper arm circumference .96 .39 .28 - .51 4.91
Forearm length .84 .27 .10 - .45 12.72
Hand length .74 .21 .02 - .41 15.10
Hand breadth .79 .18 .04 - .33 6.80
Thumb length .71 .31 .00 - .62 3.48
• 95% Confidence Limits of b.
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TABLE 9. ALLOMETRIC VALUES AND CORRELATION COEFFICIENTS FOR MEASUREMENTS
OF THE LCW-PROTEIN FED GROUP 
X-VALUE IN THE POWER FORMULA
DETERMINED
Y=ax*>.
USING TOTAL SPINE LENGTH AS THE
r b 95% CL* 
of b
a
Head length -93 .40 .29 - .52 7.70
Base length .83 . 36 .17 - .54 9.96
Head breadth .77 .73 .28 -1.19 .92
Horiz. head circumference .93 .42 .28 - .57 20.63
Head height .27 .43 .73 -1.60 -52
Total head height .88 .63 .37 - .89 2.00
Sagittal head arc .67 .40 .06 - .74 1.08
Transverse head arc .70 .33 .08 - .59 18.50
Ear height .64 .45 .04 - .85 2.80
Ear breadth .58 .43 .03 - .90 2.25
Sitting height .99 1.03 .90 -1.22 .90
Trunk height .97 1.04 .83 -1.25 .57
Shoulder breadth .86 .77 .43 -1.12 .99
Hip breadth .94 1.15 .85 -1.46 .09
Chest breadth .93 1.27 .89 -1.65 .05
Chest circumference .99 .96 .83 -1.08 .95
Tail length .82 .77 .84 -1.07 1.88
Thigh length .91 1.20 .79 -1.61 .11
Mid-upper leg circumference .90 1.26 .80 -1.72 .09
Knee height .91 .99 .64 -1.34 .35
Leg length .93 1.08 .77 -1.40 .23
Foot length .87 .84 .48 -1.19 .85
Foot breadth .90 .88 .57 -1.20 .16
Toe length .86 .81 .44 -1.16 . .77
Upper arm length .97 .96 .78 -1.15 . .40
Mid-upper arm circumference .74 .70 .22 -1.19 1.67
Forearm length .87 1.05 .60 -1.50 .22
Hand length .72 .71 .19 -1.22 1.14
Hand breadth .84 .59 .27 - .79 1.21
Thumb length .56 .60 .59 - .62 1.15
* 95* Confidence Limits of b.
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TABLE 10. ALLOMETRIC VALUES AND CORRELATION COEFFICIENTS FOR MEASUREMENTS
OF THE HIGH-PROTEIN FED GROUP DETERMINED USING TOTAL SPINE LENGTH AS THE
X-VALUE IN THE POWER FORMULA Y-aX^».
95% CL* 
of b
Head length .75 .63 .18 -1.09 2.02
Base length .68 .64 .08 -1.20 1.88
Head breadth .70 .65 .14 -1.22 1.47
Horiz. head circumference .65 .56 .02 -1.10 9.51
Head height -.53 -.94 -1.94 — . 06 7670.79
Total head height -.05 .67 — .31 -1.64 130,50
Sagittal head arc .78 .68 .25 -1.11 2.39
Transverse head arc .69 , 66 .10 -1.21 2.80
Ear heigth .49 .66 -.31 —1.64 .72
Ear breadth .13 .01 — .66 - .67 27.60
Sitting height .60 .83 -.06 -1.72 2.93
Trunk height .81 1.05 .45 -1.55 .56
Shoulder breadth .42 .53 -.41 -1.48 4.56
Hip breadth . 66 .92 .06 -1.79 .37
Chest breadth .50 .98 -.41 -2.37 .26
Chest circumference .42 .66 -.51 -1.82 5.92
Tail length .65 1.27 .31 -2.57 .11
Thigh length .18 .27 -.92 -1.46 25.23
Mid-upper leg circumference .69 1-31 .18 -2.44 .07
Knee height .48 .32 -.65 -1.30 18.28
Leg length .49 .53 -.24 -1.30 5.96
Foot length .75 1.01 .27 -1.75 .33
Foot breadth .58 .85 -.11 -1.81 ,21
Toe length .71 .89 .16 -1.62 .50
Upper arm length . 66 .81 .05 — 1.56 1.03
Mid-upper arm circumference .71 1.31 .25 -2.38 .05
Forearm length -.03 -.03 -1.07 -1.01 133.08
Hand length .81 1.30 .54 -2.06 ,04
Hand breadth .71 .67 .13 -1.21 .57
Thumb length .79 2.04 .75 -3.33 .0002
* 95% Confidence Limits of b.
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TABLE 11. ALLOMETRIC VALUES AND CORRELATION COEFFICIENTS FOR MEASUREMENTS
OP THE REHABILITATED GROUP DETERMINED USING TOTAL SPINE LENGTH AS THE
X-VALUE IN THE POWER FORMULA Y-aX^.
r b 95% CL* 
of b
a
Head length .92 1.11 .71 -1.50 .12
Base length .93 .85 .58 -1.12 .52
Head breadth .83 .85 .37 -1.32 .44
Horiz. head circumference .93 .80 .51 -1.10 1.73
Head height -. 34 -.21 —1.04 — .62 45.59
Total head height .76 .85 .27 -1.43 .53
Sagittal head arc .75 .58 .16 -1.00 5.56
Transverse head arc .75 .80 ,23 -1.37 1.08
Ear height .75 .87 .24 -1.50 .21
Ear breadth -.04 -.03 —.70 — .66 40.63
Sitting height .96 1.00 .78 -1.24 1-08
Trunk height .98 1.14 .94 -1.33 .33
Shoulder breadth .76 2.02 .61 -3.44 .0005
Hip breadth .97 1.76 1.37 -2.14 .002
Chest breadth .82 2.47 1.09 -3.84 .00004
Chest circumference .83 1.84 .81 -2.86 .005
Tail length .82 1.80 .76 -2.83 .005
Thigh length .94 1.40 .99 -1.81 .03
Mid-upper leg circumference .85 2.11 1.12 -3.10 .0006
Knee height .95 1.33 .97 -1.68 .05
Leg length .98 1.39 1.11 -1.67 .03
Foot length .95 1.18 .85 -1.50 .11
Foot breadth .84 1.00 .48 -1.52 .08
Toe length .97 1.28 1.01 -1.54 .05
Upper arm length .90 1.11 .67 -1.54 .18
Mid-upper arm circumference .84 1.68 .80 —2-55 .006
Forearm length .74 1.19 .31 -2.03 .09
Hand length .87 1.34 .77 -1.97 .03
Hand breadth .69 .80 .11 -1.49 .26
Thumb length .87 1.22 .66 —1.78 .03
* 95% Confidence Limits of b.
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TABLE 12. ALLOMETRIC VALUES AND CORRELATION COEFFICIENTS FOR MEASUREMENTS
OF THE REHABILITATED-GROUP DETERMINED USING WEIGHT AS THE X-VALUE IN THE
PCWER FORMULA Y=aX^.
95% CL* 
o£ b
Head length .95 .22 .16 - .28 13.82
Base length .91 .16 .09 - .23 22.81
Head breadth .76 .15 .05 - .25 20.40
Horiz. head circumference .93 .16 .11 - .21 71.62
Head height -.19 -.04 -.20 - .12 56.12
Total head height .55 .12 -.03 — . 26 32.94
Sagittal head arc .78 .12 -.04 — . 19 48.41
Transverse head arc .62 .13 -.00 — .26 46.39
Ear height .67 .16 .01 - .29 10.64
Ear breadth .03 .005 -.13 - .14 31.58
Sitting height .82 .16 .07 — . 26 110.33
Total spine length .91 .17 .11 - .24 93.81
Trunk height .93 .21 .13 - .28 51.25
Shoulder breadth .67 .11 .13 — . 66 46.06
Hip breadth .93 .32 .22 - .43 6.13
Chest breadth .96 .55 .42 — . 68 1.00
Chest circumference .63 .42 .33 - .50 10.06
Tail length .89 .57 .19 - .56 1.83
Thigh length .95 .27 .20 - .34 14.03
Mid-upper- leg circumference .92 .44 -.29 - .59 4.75
Knee height .93 .25 ,17 - .33 16.81
Leg length .93 .25 .16 - .34 18.18
Foot length .61 .37 .27 - -47 73.26
Foot breadth .71 .16 .03 - .29 8.23
Toe length .88 .22 .12 - .32 15.27
Upper arm length .94 .22 .16 - .29 20.95
Mid-upper arm circumference .89 .34 .20 — . 48 7.90
Forearm length .81 .25 .10 - .40 14.64
Hand length .34 .56 .02 -1.10 9.52
Hand breadth .49 .11 -.05 - .27 12.76
Thumb length .74 .20 .05 - .35 8.94
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r b 95% CL* 
of b
a
Head length .83 .71 .24 -1.18 1.25
Base length .85 .82 .30 -1.73 .61
Head breadth .81 .77 .20 -1.33 . 68
Horiz. head circumference .91 .93 .51 -1.36 .96
Head height -.75 — .96 —1.81 --.11 15363.85
Total head height .83 1.04 .35 -1.74 .16
Sagittal head arc .09 .03 -.25 - .30 113.06
Transverse head are .86 .80 .32 -1.28 1.07
Ear height .78 .66 .13 -1.19 .71
Ear breadth .70 .87 -.03 -1.77 .15
Sitting height .98 .94 .76 -1.12 1.55
Trunk height .97 1.05 .79 -1.32 .53
Shoulder breadth .73 .89 .05 -1.70 . 66
Hip breadth .94 1.09 .69- 1.49 .15
Chest breadth .56 .79 -.39 -1.98 .93
Chest circumference .75 .90 .12 -1.68 1.54
Tail length .75 .99 .11 -1.88 .58
Thigh length .95 .96 .65 -1.27 .46
Mid-upper leg circumference .71 .65 -.04 -1.33 3.71
Knee height .98 1.04 .81 -1.26 .27
Leg length .97 .86 .64 -1.08 .94
Foot length .89 .53 .27 - .79 5.84
Foot breadth .74 .45 .04 - .87 2.17
Toe length .91 .56 .30 - .82 5.67
Upper arm length .95 .98 .67 -1.30 .38
Mid-upper arm circumference .90 1.08 .55 -1.62 .20
Forearm length .95 .92 ,63 -1.20 .51
Hand length .87 .74 .32 -1.16 1.07
Hand breadth .86 .59 .25 - .94 .91
Thumb length .67 . 86 -.09 -1.82 .27
• 95% Confidence Limits of b.
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r b a
Head length .65 .11 34.75
Base length .66 .11 29.09
Head breadth .32 .11 13.75
Horiz. head circumference .53 .86 60.02
Head height .46 .87 46.82
Total head height .14 .49 28.16
Sagittal head arc .53 .09 57.33
Transverse head arc .35 .86 70.52
Ear height -.12 — .05 54.06
Ear breadth .78 .13 96.25
Sitting height .28 .03 400.13
Total spine length .42 .06 289.87
Trunk height .49 .08 171.87
Should breadth .72 .32 8.25
Hip breadth .62 .11 44.81
Chest breadth .72 .40 3.55
Chest circumference .95 .44 7-93
Tail length (n = 8) * .27 .14 240.27
Thigh length .96 .22 24.92
Mid-upper leg circumference .94 .34 10.97
Knee height .49 .72 91.31
Leg length .81 .15 52.02
Foot length .21 .22 131.58
Foot breadth .48 .13 12.08
Toe length .55 .68 65,34
Upper arm length .68 .17 36.40
Mid-upper arm circumference .75 .32 8.93
Forearm length .55 .07 82.66
Hand length .11 .02 85.53
Hand breadth .01 .004 35.50
Thumb length .22 .05 36.19
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TABLE 15. ALLOMETRIC VALUES AND CORRELATION COEFFICIENTS FOR MEASUREMENTS
OF THE STANDARD LABORATORY-CHOW-FED GROUP DETERMINED USING TOTAL SPINE
LENGTH AS THE X-VALUE IN THE POWER FORMULA Y=aXb.
r b a
Head length .54 .75 .98
Base length .34 .43 6.56
Head breadth -.42 -.52 110.76
Horiz. head circumference .49 .59 8.12
Head height .29 .76 .35
Total head height .65 .89 .41
Sagittal head arc .51 .65 2.34
Transverse head arc .51 .92 .51
Ear height .43 1.10 .04
Ear breadth .20 .55 1.15
Sitting height .81 .65 9.72
Trunk height .58 .73 3.93
Shoulder breadth .41 1.31 .04
Hip breadth .84 1.11 .13
Chest breadth .06 .26 27.20
Chest circumference .29 .95 1.12
Tail length (n = 8) * .24 .03 215.23
Thigh length .38 .65 3.23
Mid-upper leg circumference .38 1.01 .46
Knee height .34 .36 19.17
Leg length .34 .46 11.31
Foot length .36 .28 28.56
Foot breadth .11 ,22 9.51
Toe length .30 .27 2.20
Upper arm length .60 1.13 .16
Mid-upper arm circumference .22 .69 2.25
Forearm length .80 .80 1.72
Hand length .09 .13 46.66 .
Hand breadth .14 .28 6.54
Thumb length .12 .20 16.45
* One of the monkeys in this group had part of his 
tail removed in an accident.
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and do not exhibit rapid proportional growth changes. Such changes 
would necessitate more complete and accurate population measurement 
to determine short time periods of stable (linear or allometric) 
growth. The comparison of high-protein and sub-adult, laboratory-chow- 
fed males was expected to give long-range ideas of proportional growth 
trends and the limits of diagnostic ability considering an animal's 
size (allometry, remember, does not rely upon age as a variable) .
The comparison of the rehabilitated group with the high- and low-pro­
tein fed group was expected to characterize the period of "catch-up 
growth" and to permit inferences concerning the permanence or transcience 
of proportional growth changes from the period of malnutrition to even­
tual rehabilitation to the high-protein diet.
Before presenting the results for the head measurements, the basic 
premises of systematic allometry will be reviewed in order to reiterate 
the meaning of the results and interpretation of the allometric values. 
Systematic allometry assumes that the ratio of growth rates for two 
body dimensions remains equal over time. Comparisons of the allometric 
values between groups are, then, determinations of whether or not the 
ratio is changed during protein-calorie malnutrition and whether propor­
tional size changes result. The changes that result are not related to 
body growth deficits per se, but rather to changes in the morphology of 
the malnourished animal. Since this study is focused upon a state of 
nutritional deficiency that invariably produces growth deficits, and 
is traditionally diagnosed on the basis of these deficits, it becomes 
difficult to distinguish between traditional and currently predominant 
diagnostic criteria from this study's diagnostic criteria that utilize
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growth rate relationships. An example of the confusion that may arise 
is the instance in which nutritional deficiency uniformly reduces 
growth rates of two body dimensions. This condition would produce 
growth deficits when the individual compared to a well-nourished 
animal, but would not result in disproportionate growth. On the other 
hand, if there is disproportionate growth, diagnosis may be made on 
the basis of allometric changes which would not involve comparisons 
of growth deficits with well-nourished individuals of the same chrono­
logical age.
Head Measurements— Low- and High-Protein Groups
The head measurements include the following: head length, base
length, head breadth, head height, total head height, ear height, ear 
breadth, horizontal head circumference, sagittal head arc, and trans­
verse head arc, defined by A. Schultz (1929). Most of these measure­
ments describe the cranium (brain case) by itself, with total head 
height being a measure of total vertical skull height (including the 
face), and the ear measures being relatively independent of skull 
growth. The cranial measurements include related growth patterns of 
vertical and horizontal dimensions, which are described independently 
in order to determine whether or not proportional growth is interrupted 
during malnutrition.
Differences in allometric values for cranial measurements reflect 
a number of possible interactions. The most probable of these is re­
duction of brain size with consequent reduction in cranial growth.
Brain weight as well as body weight are known to decrease during
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malnutrition {Stoch and Smyth 1963) and changes in head circumference 
are known to be associated with reduction in the total number of brain 
cells (Winick and Rosso 1969). Reduction in the skull's cortical bone 
thickness may also result (Garn 1966), adding to the magnitude of 
growth decreases. Muscle growth reduction is another variable which 
may affect allometric size by reduction in total muscle mass. Addi­
tionally, muscle growth reduction may indirectly affect bone growth 
due to the plasticity of bone. Regions of muscle attachment may be 
modified by the tension produced by muscular contraction (Buettner- 
Janusch 1966), which eventually results in more pronounced bone growth 
at the area under tension. Thus, loss of muscle mass may be related 
to reduction in bone growth by failure to modify the cranial structure.
For example, the area below the inion (furthest projecting point on 
the back of the cranium) is the point of neck muscle attachment; under 
normal stress this area becomes roughened, and a clearly-defined bony 
ridge for muscle attachment eventually results. This also applies to 
the supraorbital torus that arches over the eyes and forms a bony ridge 
upon which facial and masticatory muscles are attached. These examples 
were given because head length is measured from the supraorbital torus 
to the inion, and will subsequently be modified by deviation in muscle 
growth in addition to bone and brain growth.
Subcutaneous fat is not held as being an important variable in 
the head measurements. Skinfold measurements were initially taken in 
this study, but no differences between the low- and high-protein fed 
groups could be ascertained. This fact suggests that there are negligible 
fat stores for animals on the high-protein diet, and if there are
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differences between the low- and high-protein fed groups, these differ­
ences are too slight to be measured with any degree of precision.
Other possible sources of variability between the low- and high- 
protein fed groups are skin and hair differences. There is marked 
hair loss and thinning of the remaining hair during malnutrition 
(Bradfield 1968) , and such hair loss can affect body measurements, 
although minimally, depending upon method of measurement. Skin changes 
include edema, lesions, and actual decreases in skin growth (Widdowson 
1968). For some animals, the presence of sex folds (highly vascularized 
and edemous projections on the skin due to increasing hormone levels 
signalling the estrous period) may possibly influence the measurement.
The high- and low-protein fed groups differ most in head length, 
base length, head height, total head height, ear breadth, and horizontal 
head circumference. These allometric values were calculated, using body 
weight as the X-value, in the power formula Y=aX^. These measurements 
were selected as tentatively pointing to significant proportional somatic 
changes on the basis of the 95% confidence limits for the slope of the 
line representing the log-log plot of x (weight) and Y (the head dimen­
sion) . The distances between the slope values for the two groups is 
maximized for these measurements, although they still overlap to a 
certain extent. Thus, the 95% confidence limits of b do not establish 
any proof that the differences in the values describing the allometric 
equations are statistically significant. However, the deviation is 
suggestive of trends in proportional growth associated with malnutrition 
and will be considered as such.
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The relationship of head length and head breadth bears important 
consequences for the use of horizontal head circumferences as a major 
diagnostic tool. Robinow (1968) inferred that horizontal head circum­
ference was an important diagnostic measure since it correlated well 
with stature and weight deficits during malnutrition. This study 
supports his conclusion, but when the trends of head length and breadth 
(the two major determinants of head circumference) are analyzed separ­
ately, head circumference is found to be associated with two measures 
whose respective growth rates differ during malnutrition. Allometric 
values for head breadth between high- and low-protein groups do not 
differ greatly, suggesting that head length growth rate differences 
mostly determine differences in head circumference growth rates. There­
fore, head circumference is a measure associated with two opposing growth 
trends which, when taken together, offset one another. This would tend 
to eliminate some of the measure's sensitivity to nutritional deficits- 
Head length appears to be better suited for diagnostic purposes in that 
its only apparent trend is for reduced growth and, since it is a linear 
measurement, is not offset by other growth rates. The same reasoning 
applies to the use of base length, which has an additional advantage of 
not measuring bone prominences (i.e., head length is the distance from 
the supraorbital torus, or eyebrow ridge, to the inion, the point at 
which the neck muscles attach; both are thick bony regions) . Base 
length is the best measure of actual cranial or brain size (Schultz 1929) 
and is not associated with any areas of thick muscle or bone. Growth 
rates for this measurement decrease relative to weight gain, making the 
measure of major significance in diagnosis.
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Lower values for b or the slope of the line representing an X-Y 
plot of the measures (Y) against weight (X) indicate reduced growth 
rate of the measure relative to weight gain. Thus, head length, base 
length and head circumference growth rates, since they are lower for 
the low-protein group, point to disproportionate growth compared to 
head breadth. The relationship of head breadth and head length sug­
gests a more rounded head. This may be quantified by the cephalic 
index, which is a quantitative form of the ratio of head breadth to 
head length (cephalic index = head breadth/head length x 100; Comas 
1960). Comparing the means of the high- and low-protein group's values 
for the cephalic index are 79 and 82, respectively. The differences 
between means is signficant at the t .95 level (two-tailed test) when 
analyzed using a t-test (Winer 1962).
The relationship of head length to head breadth is of potential 
diagnostic value when determined by allometry. The larger of the two 
values (in this case head length) is used as the X-value in the power 
formula Y=aX^, and head breadth as the Y value; the values of _r, a and 
b are summarized for the high- and low-protein groups in Table 16.
The disproportional growth changes that occur in the low-protein animals 
are of potential diagnostic value for three reasons: (1) the correlation
coefficients are high for all groups; (2) there are noticeable differ­
ences in proportional growth (values of b) for the high- and low-pro­
tein groups; (3) and proportional growth for the high-protein groups 
is relatively stable over time. These factors make the head length/ 
head breadth relationship one of high priority in diagnosis. The 
measurements themselves are ideal because they may be determined with
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Table 16. ALLOMETRIC VALUES AND CORRELATION COEFFICIENTS DETERMINED 
FOR HEAD LENGTH {X) AND HEAD BREADTH (Y) IN THE POWER FORMULA Y=aX^.
Low Protein
High Protein
High Protein
(Rehabilitated Control)
r b a
0.73 1.60 0.06
0.82 0.91 1.17
0.90 1.01 0.75
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a high degree of accuracy with only limited training.
The measurement of head height shows unexpected changes during 
malnutrition. The growth rate of head height (vertical height of the 
cranial vault) relative to weight gain is increased for the low-pro­
tein group, the height of the cranium increasing more rapidly in mal­
nourished monkeys. The slope (lb ) for head height of the high-protein 
group is near 0, meaning that the growth rate of this measurement is 
also near 0. The value of b for the older high-protein fed group is 
more negative, the cranial vault actually "shrinking" (i.e., the cranial 
vault is becoming lower vertically). Thus, the "normal" trend for 
vertical cranial growth is a steady decrease in growth over time cul­
minating in cessation of growth and, apparently, muscular cranial de­
formation that flattens the skull. Although only speculative, the 
most tenable means of describing growth of the vertical head measure 
is as an interruption of normal growth rather than the cessation of 
growth, since "normal" trends would tend to reduce cranial capacity. 
Increased growth for low-protein monkeys might be alternatively ex­
plained by the time of onset of malnutrition or the level of protein 
insufficiency. However, the basic phenomenon of disproportional growth 
that is not simple growth reduction, does indirectly support the "balance 
hypothesis" (Chapter I) , that the body is adjusting metabolically and 
structurally to nutritional stress.
Pending further interpretation, head height should be considered 
a measure of doubtful diagnostic potential. The increase in growth 
rates relative to weight gain requires diagnosis by increase rather 
than by deficit, but a more important consideration is the low correlation
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
65
coefficient (r) for head height in the high- and low-protein fed groups. 
A reasonable explanation for the low correlation coefficients, and the 
rather marked changes in the values for â  and b, is the rapid change 
in growth rates for the measure. This violates the most basic premise 
of allometric growth, which assumes the growth rate remains stable over 
long periods of time (Simpson, Roe and Lewontin 1960). Rapid changes 
in growth rates will result in lowered correlation coefficients since 
the formula assumes linearity of the data distribution. In order to 
correct this problem, smaller and smaller time periods or size ranges 
(depending upon whether or not this is allometry of growth or allometry 
of size) may be analyzed. These periods, called "instars" (Simpson,
Roe and Lewontin 1960), are made progressively smaller and smaller 
until a suitable degree of reliability is obtained. This procedure 
is not ideal owing to the time required for calculating individual 
periods, and the added problem of more precise categorization of 
individuals into respective age or size periods.
The same of the basic trends inferred for the head height measure 
also apply to total head height, the difference being the inclusion of 
the facial region. It may be inferred that the facial region is grow­
ing more rapidly than the vertical dimension of the cranial vault by 
comparing the values of b for head height and total head height. For 
the high- and low-protein groups, total head height is the higher 
value or the least negative compared to low-protein animals, perhaps 
to the point where facial growth is actually positive for all ages 
even though positive growth is offset by negative head height growth.
The counter-opposition of growth trends makes total head height a
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potentially misleading measure and its use as a diagnostic tool of 
only secondary utility.
The ear measurements are considered independent of cranial growth 
since the ears are not part of the bone-muscle mass which constitutes 
the brain case and masticatory apparatus. For purposes of discussion, 
the ear will be discussed only as a special auditory apparatus which has 
no apparent relationship with the skull as a whole. When analyzed in 
terms of horizontal and vertical growth dimensions, the ear reveals 
separate growth trends. When the high-protein groups are compared, 
the older group (rehabilitated control group) shows higher rates of 
growth relative to weight gain or total spine length growth. This is 
especially true of ear breadth growth. While ear height growth changes 
are not marked, ear breadth growth changes are of much greater magni­
tude. The general trend is one of relative ear breadth expansion while 
ear height growth remains relatively comparable to weight gain or 
total spine length growth. Generally, the correlation coefficients 
are high, suggesting that allometric growth is, for the most part, 
relatively constant for any given time period. Proportional ear height 
growth for the low-protein group does not appear to be greatly changed. 
Ear breadth, on the other hand, shows "premature" growth acceleration 
that is more similar to older animals (i.e., the rehabilitated control 
group).
The diagnostic potential of the ear measurements is best served 
by using proportional changes as ancillary to other diagnostic criteria. 
The apparent independence of the ear measurements precludes ascertain­
ment of related growth trends that would supply additional information
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on the nature of proportional or disproportional growth interactions.
The lack of concomitant and interdependent measures thus reduces the 
reliability of the diagnostic criteria.
Head Measurements— Summary
It is essential to realize the interrelationship of growth rates 
for a variety of measurements, because proportional growth in "normal" 
populations and disproportional growth in deficient populations are 
both dependent upon patterned interaction. In summarizing proportional 
growth changes, then, it is necessary to review not only disproportion­
ate growth changes that occur during protein-calorie malnutrition but 
also proportional growth change over time for the high-protein fed 
groups.
Horizontal cranial growth for the high-protein fed groups is approx­
imately equal for linear and transverse dimensions relative to weight 
gain and total spine length growth. Over time, these relative growth 
rates increase, while weight gain and total spine length growth remain 
more or less constant (see Figure 2 for weight gain; the figures for 
total spine length growth were calculated but the results not recorded 
here). The vertical component of cranial growth, represented by head 
height, decreases markedly and eventually results in actual vertical 
cranial flattening. Sagittal and transverse head arc measurements are 
more difficult to describe since considerations of skull growth involves 
linear and transverse components, respectively, plus the height of the 
cranium. As a generalization, sagittal head arc growth is reduced as 
the animal grows, until a period of "negative growth" or actual shrinkage
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results. This is probably due to the stabilization of head length 
growth with concomitant shrinkage of cranial height which shortens the 
anteroposterior arc. Transverse head arc growth decreases for older 
animals, again most probably due to the flattening of the cranium. 
Transverse head arc growth is probably not as greatly affected as 
sagittal head arc growth due to the increase en mass of the temporal 
muscles. The primary function of these muscles is mastication, and 
their mass increases with age. This observation is supported by studies 
of the adult skull, which shows progressively thicker and broader bone 
supports for temporal muscles.
For the low-protein fed group, horizontal cranial growth is 
characterized by decreases of linear growth rates and approximately 
equal transverse growth rates compared to the high-protein fed groups. 
Vertical cranial growth also remains relatively higher, compared to 
the high-protein fed control group of equivalent age, indicating that 
the cranium remains high and rounded without progressive flattening.
The sagittal and transverse head arc measurements do not differ apprec­
iably between the groups, an important point since this fact suggests 
that maintenance of a high cranial vault prevents reductions in cranial 
capacity. Extrapolating from the high-protein fed groups, the infant 
rhesus monkey is born with a relatively high cranium which is flattened 
and lengthened during early periods of growth. The fact that vertical 
cranial growth of the low-protein animals is positive, relative to 
weight gain and total spine length growth, suggests that a higher 
cranium allows maintenance of cranial volume relative to body size 
while at the same time allowing for growth rate reductions in such
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measures as head or base length. This supports the idea of a "balance 
hypothesis" where cranial growth of the low-protein fed group is dis­
proportionate (appearing to retain infant characteristics) with the 
result being balance of growth potential with nutritional deficiency.
There is little that may be said of total face height and ear 
growth. There are no corroborative measurements defining facial growth; 
it is known only that vertical facial growth is decreased relative to 
weight gain and total spine length growth, resulting in disproportional 
size changes compared to high-protein fed groups. The ears show incon­
sistant growth trends for the high-protein fed animals, ear breadth 
growth rate increasing greatly over time, while the ear height growth 
rate increases at a much lower rate or decreases slightly, as in the 
case of this growth rate relative to total spine length growth. During 
periods of malnutrition, ear height growth is reduced relative to weight 
gain and total spine length growth, while ear breadth growth increases 
prematurely. Ear breadth growth, for the short age period tested, ap­
pears to be relatively constant for vertical and horizontal growth. 
High-protein fed groups, on the other hand, exhibit unequal growth of 
the ear dimensions.
Diagnostically, proportional growth of the cranium is primarily 
based upon decrease in head length growth and an increase in head 
height growth relative to weight gain and total spine length growth. 
Secondarily, diagnosis may be made using disproportionate ear growth 
or facial growth (including the cranium). However, the most reliable 
criteria for diagnosis are those measurements having probable physio­
logical mechanisms that adjust to protein deficiency. For this reason
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the cranial dimensions that grow at dissimilar rates relative to high- 
protein fed groups are apparently related to maintenance of important 
physiological or structural systems. Despite the fact head length, 
head circumference, and base length are affected by malnutrition, they 
remain highly correlated and are reliable measurements. Not only does 
this fact make diagnosis of higher reliability, but it also suggests 
that the decreases in growth rates follow regular patterns that are 
hypothesized by the "balance hypothesis."
Linear and Transverse Trunk Measurements
The trunk measurements include the following:
linear measurements
1. total spine length
2. sitting height
3. trunk height
transverse measurements
1. shoulder breadth
2. chest breadth
3. chest circumference
4. hip breadth
defined by Schultz (1929). These measurements were selected, as were 
the head measurements, in an attempt to define the relationship of 
horizontal and vertical growth components of the body during periods 
of protein-calorie malnutrition. McMahon (1973) stressed the relation­
ship of vertical and horizontal axes as basic to the size and weight­
bearing characteristics of all biological structures, there being 
definite limits of proportional sizes necessary to permit continued 
functioning of the organism. Therefore, proportional growth may be 
considered to be a relationship of fundamental importance, disproportionate
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growth altering the weight-bearing structural characteristics and 
physiology of the malnourished organism. During protein-calorie 
malnutrition, the body is faced with conflicting biological trends; 
growth, and homeostatic adjustment to protein deficiency. It is 
hypothesized that these two biological trends, growth versus survival 
during nutritional insufficiency, are reconciled by continued growth 
(albeit greatly reduced) without concomitant increases in the body's 
density or mass (as defined by body weight) . The most revealing of 
these relationships are vertical and horizontal growth rates compared 
to weight gain, especially for the main body or trunk.
The trunk measurements are also considered to be affected by 
several different factors that include muscle loss, bone changes, skin 
and hair changes, edema, subcutaneous fat loss, organ size changes, and 
the presence of "sexfolds" in mature female rhesus monkeys. These 
changes are identical in nature to the changes previously discussed 
in the section of head measurements, and it is not necessary to review 
the changes here. It is important to note, however, that the magnitude 
of change for each of the variables may not be the same for the trunk 
measurements as it was for the head measurements. The results describe 
general changes only, and cannot be used to characterize any one vari­
able individually. Growth is viewed as a complex phenomenon, with each 
variable changing during the period of protein-calorie malnutrition in 
its own way. The changes that occur are apparently patterned and, for 
this reason, may be studied as a singular phenomenon (growth) in a 
systematic fashion.
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The allometric relationship of total spine length growth and 
weight gain compares vertical growth with increases in body mass or 
density, respectively. The value of b (slope) for total spine length 
relative to weight for the low-protein fed group is .35, higher than 
the value of b for the high-protein fed group, which is .21. Trunk 
height and sitting height, the remaining vertical trunk measurements, 
also show increased vertical growth relative to weight gain for the 
low-protein fed group compared to the high-protein fed group. The in­
creases in relative growth of the vertical trunk dimension supports 
the "balance hypothesis" proposed at the beginning of this section.
The vertical trunk measurements are all closely associated with the 
growth of the vertebral column, and either include growth of the 
vertebral column (sitting height) or are determined by the length of 
the vertebral column (trunk height), For this reason, total spine 
length and the other vertical trunk measurements would be expected to 
increase. This fact makes change in vertical trunk growth a flexible 
diagnostic tool for determining protein-calorie malnutrition. Con­
ceivably, any vertical trunk measurement that in some way includes the 
vertebral column is of potential diagnostic value. Some measurements 
are, however, more suited than others, an example of this being sitting 
height growth compared with total spine length growth. As was described 
in the section on head measurement, head height shows characteristic 
changes in growth rates during malnutrition. Sitting height, since 
it includes the head with the vertebral column, is therefore influenced 
by growth rate changes in more than one measurement. Total spine length, 
on the other hand, measures the spine to the "bottom" of the pelvis, and
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includes different body parts than does the sitting height measurement. 
Trunk height is determined by growth of the vertebral column, but it 
also includes dimensions (the top of the thoracic cavity and the 
pubic symphyses or junction of the pelvic bones) that may vary. Thus, 
before one measurement is selected over another it must be determined 
whether or not the measure is determined by too many variable components 
to be of use. For the low- and high-protein fed groups sitting height 
growth relative to total spine length shows high correlation, the same 
is true for trunk height. However, the allometric values of b for 
sitting height change between the groups. If sitting height and 
total spine length are to be considered interchangeable measurements 
for diagnosis, then these two values must be virtually identical for 
all groups. Since there are differences, one must expect some devi­
ation in growth rates for one or more of the components of sitting 
height. Trunk height, on the other hand, has virtually identical 
allometric values for the groups, indicating a high degree of stability 
for the association between the two measurements. Diagnostically, 
these two measurements appear to be of equal value, they are both 
highly correlated within the groups relative to weight, and they re­
spond in the same manner and in roughly the same magnitude during 
periods of malnutrition. Sitting height is relegated to secondary 
importance, pending determination of the variables.
Transverse growth might also be expected to increase, for the low- 
protein fed groups, relative to weight gain. As indicated by the values 
of b, shoulder breadth growth rates increase very slightly for the low- 
protein fed group. Chest breadth does not change appreciably, however.
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and the chest circonference growth rate decreases during malnutrition. 
Chest circumference may be considered to be a potentially misleading 
measurement since it is determined to a great extent by transverse and 
anteroposterior dimensions. These dimensions cannot be assumed to re­
spond in the same manner to the effects of protein-calorie malnutrition. 
Chest circumference is not an accurate measurement of relative growth 
changes unless transverse and anteroposterior growth trends are deter­
mined. The chest breadth growth rate for low-protein fed monkeys is 
nearly the same compared to the high-protein fed group, from which it 
may be inferred that anteroposterior chest diameter is most affected 
by malnutrition and there is less chest expansion.
Comparing the low-protein fed and high-protein fed groups, there 
are generally only slight changes for the transverse trunk measurements 
relative to weight gain, rendering diagnosis of low reliability. Chest 
circumference has undetermined variables and, despite the decrease in 
relative growth rates, it is a potentially misleading measure. Shoulder 
breadth, chest breadth and hip breadth measurements show only small 
increases in relative growth rates. The lack of sensitivity to the 
effects of protein-calorie malnutrition for these measurements is over­
shadowed by the 95% confidence limits of the slope for both groups. 
Relative to total spine length growth, however, the transverse trunk 
measurements show more diagnostic promise. The growth rates of the 
transverse trunk measurements all increase for the low-protein fed 
group. Considering the increases in growth rates for these measurements, 
diagnosis of protein-calorie malnutrition should be possible using these 
measurements.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
75
The use of transverse trunk measurements for diagnosis is not of 
primary utility, however, for two reasons. The first of these is the 
lack of marked changes in disproportionate growth for the low-protein 
fed group. Second, the older high-protein fed group also shows in­
creases in the transverse trunk measurements. The changes for the older 
high-protein fed groups require ascertainment of growth trends for both 
younger and older groups. This is necessitated by the possible masking 
of differences between malnourished and we11-nourished populations due 
to the offsetting or skewing of the growth rate slopes for the older 
high-protein groups to higher values, making the growth rates of well- 
nourished and malnourished populations appear similar. The only solu­
tion to this problem is to determine allometric values for two or more 
groups of well-nourished individuals within the test population. The 
groups must be delineated in order to establish categories that are 
stable (i.e., periods of linear growth) and can then be used as reliable 
guides in ascertaining malnutrition.
Trunk Measurements— Summary
The transverse trunk measurements, although of great interest in 
relation to physiological changes, are not of primary interest in diag­
nosis of malnutrition. There are minor disproportionate growth changes 
for the low-protein fed group relative to the high-protein fed controls, 
but these differences are only minor and are not reliable indices of 
growth rate changes. The vertical trunk measurements, on the other 
hand, appear to be more useful diagnostic tools. Trunk height and total 
spine length growth relative to weight gain indicate changes of apparently
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sufficient magnitude to provide primary diagnostic ability. The vertical 
measurements are highly intercorrelated, and may be substituted inter­
changeably in diagnosis. In addition, vertical trunk measurements do 
not seem to parallel any growth trends for high-protein animals, vir­
tually eliminating problems caused by relative growth rate changes over 
time for well-nourished control groups.
Linear and Transverse Extremity Measurements
The following is a list of the extremity measurements: 
linear extremity measurements
1. thigh height
2. knee height
3. leg length
4. foot length
5. toe length
6. upper arm length
7. forearm length
8. hand length
9. thumb length
transverse extremity measurements
1. mid-upper arm circumference
2. mid-upper leg circumference
3. hand breadth
4. foot breadth
Since this list is rather extensive for analysis of all possible inter­
actions, primary emphasis will be given to those measurements that are 
either extensively used in diagnosis or measurements that may be con­
sidered major morphological dimensions. The additional measurements will
be discussed briefly to add depth to the analysis.
Robinow (1968) referred to arm and calf circumference as important 
measures that correlate highly with one another, and with weight and 
stature deficits, during protein-calorie malnutrition. The correlation
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of arm and upper leg circumference in this study was also high, r=0.79 
for the high protein group and r=0,74 for the low protein group, the 
values being significant for both groups at the 98% confidence interval 
level (Byrkit 1972). However, these dimensions are not correlated for 
the low-protein group by concomitant weight or size deficits, but 
rather by a more complex interaction of growth rates. The arm circum­
ference/weight growth rate ratio is reduced for the low-protein group 
relative to the high-protein group, but the leg circumference/weight 
growth rate ratio is not reduced, and actually increases compared to 
the high-protein fed group. In addition, the allometric values of b 
for upper arm length for the low-protein fed group decreases compared 
to the high-protein fed group, while the values of b for thigh height 
increases for the same comparison (for both comparisons, weight or total 
spine length may be used as the X-value without affecting the relation­
ship between groups). To summarize, for low-protein animals, linear 
and transverse upper arm growth decreases relative to weight gain and 
vertebral column growth, while linear and transverse upper leg growth 
increases relative to weight gain or vertebral column growth. Arm 
and leg circumference measurements remain highly correlated, but this 
is due to allometric growth from which one would expect the two 
measures to remain correlated (see Chapter II) . The fact of high 
correlation does not mean that the two body dimensions respond equally 
to nutritional deficits. The phenomenon of disproportionate growth 
underscores possible misapplication of various measurements for diagnosis 
caused by assuming equal reductions in growth for all dimensions and 
morphological characters. Since disproportionate growth does not occur
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for leg circumference and thigh height, use of these measurements in 
diagnosis necessitates carefully prepared population weight standards 
and rather precise determination of chronological age. Using allometry, 
on the other hand, one may use the decrease in the value of as an 
indicator of proportional size changes for upper arm circumference or 
upper arm length as indicative of nutritional deficits. This would 
require comparing the results with the values of b for children known 
to be well-nourished, with comparability of size being the only necessary 
control. The comparison of individuals of approximately the same size 
is necessary when the values of b for upper arm circumference and length 
are compared between the two high-protein groups (the older high-protein 
being the rehabilitated control group).
Upper arm and arm circumference growth rates decelerate over 
time (i.e., the values of b for the rehabilitated control group are 
low) relative to weight gain or growth of the vertebral column. Com­
paring older individuals with smaller or younger individuals might 
therefore result in misdiagnosis. However, if comparisons are made 
only between individuals of approximately the same size the problem 
is minimized. Allometric growth depends upon size, not age (Simpson,
Roe and Lewontin 1960), a fact which makes ascertainment of chronological 
age unnecessary.
The relative growth rates of the forearm and lower leg are also 
important indicators of proportional size changes. The relationship 
of the growth rates of the upper arm and forearm is one of inversion 
or counter-opposition. That is, forearm growth rate increases for the 
low-protein group relative to the high-protein group. This trend counters
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the trend of growth rate decreases of the upper arm for the low-protein 
group compared to the high-protein group. Forearm/upper arm "inversion" 
of growth rates holds for allometric values determined by using either 
weight or total spine length as the X-value in the power formula Y=aX^, 
Because of growth "inversion" it would be interesting to compare allo­
metric values for the two measurements between the high- and low-protein 
fed groups, since the proportional growth changes for the measurements 
should be maximized. Table 17 shows the result of calculations for the 
two measures when the values fitting the allometric power formula are 
determined. The values indicate marked divergence for the two groups, 
making this relationship one of diagnostic potential in separating 
populations of well-nourished animals from protein malnourished animals. 
An additional advantage of this measurement is its reliability as sug­
gested by the high correlation coefficients (except for the high-pro­
tein group in which it is not significant).
Although there are only slight growth rate changes for the lower 
extremities, it is possible to use proportional growth changes of the 
lower limbs for diagnostic purposes. Thigh height growth rates do not 
change greatly for the high- and low-protein groups. However, there 
are changes in lower limb growth rates that suggest proportional changes. 
Table 18 summarizes allometric values determined using thigh height 
(X-value) and knee height (Y-value) in the power formula Y=aX^. The 
results are quite similar to those in Table 17, the comparison of upper 
arm length to forearm length. The diagnostic potential for the thigh 
height/knee height comparison is virtually identical to that for the 
upper arm/forearm comparison, the low-protein group being midway between
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Table 17. ALLOMETRIC VALUES AND CORRELATION COEFFICIENT DETERMINED FOR
FOREARM LENGTH (Y) AND UPPER ARM LENGTH (X) FOR THE POWER FORMULA Y=aX^.
r b a
High Protein 0.33 0.34 20.66
Low Protein 0.93 1.13 0.50
Rehabilitated Control 
(High Protein)
0.99 0.90 1.03
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Table 18. ALLOMETRIC VALUES AND CORRELATION COEFFICIENTS FOR THIGH
LENGTH (Y) AND KNEE HEIGHT (X) FOR THE POWER FORMULA Y=aX^.
Low Protein .96 0.80 2.51
High Protein .39 0.33 25.37
Rehabilitated Control .98 1.04 0.78
(High Protein)
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the two high-protein groups with regard to proportional growth rates 
between the upper and lower leg. Both the upper leg/lower leg and 
upper arm/lower arm comparisons raise questions concerning the relia­
bility of allometry applied to population diagnosis. The implication 
is that one must determine time periods of allometric growth, since 
it is obvious, by the information presented here, that allometric re­
lationships vary greatly over time for most measurements. Thus, truly 
valuable diagnostic criteria should not be limited by size variables, 
such that many time periods of allometric values must be determined 
before reliable measures are found. The two limb proportional growth 
comparisons between high- and low-protein groups are not ideal, since 
natural decreases in the growth rates over time for the high-protein 
fed animals relative to weight gain or total spine length will, at 
some time, be equivalent to the growth rate changes occurring in the 
low-protein fed population. It is therefore necessary to ensure that 
all age variations in allometric growth are controlled and this prob­
lem is eliminated. It has been mentioned repeatedly that, if allometric 
values are compared for individuals of the approximate size, no problems 
in diagnosis should result. If the time periods for which allometry 
is valid are not adequately delineated, potentially misleading diag­
noses become more and more probable depending upon the mean sizes and 
distribution of the size of subjects within the sample population.
These problems will be summarized in Chapter IV.
The remaining extremity measurements are probably of limited 
diagnostic significance, but they are of use in describing a broader 
range of changes for proportionate and disproportionate growth. Of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
83
the extremity measurements, none may be definitely chosen as indicators 
of disproportional changes that occur during malnutrition. Changes in 
allometric values between the two high-protein groups encompass most 
of the allometric values determined for the low-protein fed groups.
The most tenable means of describing the remaining measurements is to 
compare the high-protein fed group with the older high-protein fed 
(rehabilitated control) group and then compare growth tendencies with 
the allometric values for the low-protein fed group.
Robinow (1958) criticized the use of stature because it is a 
misleading correlate with weight deficits during malnutrition, owing 
to the disproportionate changes in growth of the extremities and the 
slowdown of extremity growth that is apparent during malnutrition. 
Generally, the results presented here support his conclusions and 
emphasize the variety of growth changes that result. For the extrem­
ity measurements, growth rate changes due to malnutrition produce pro­
portional differences relative to the high-protein fed control group. 
However, the decreases in growth rates that occur over time for the 
high-protein fed animals makes reliable diagnosis more difficult, 
since more detailed ascertainment of allometric values for smaller 
growth periods (i.e., smaller size ranges) is required.
All the remaining extremity measurements (hand length and breadth, 
thumb length, foot length and breadth, toe length and tail length) show 
natural decreases in growth rates relative to weight gain and total spine 
length growth. The decreases in relative growth rates between the two 
high-protein groups are not of the same magnitude, which suggests dis- 
proprotionate size changes also result during maturation. As used here.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
84
systematic allometry cannot describe disproportional growth with any 
degree of precision. However, it is possible to outline a general 
picture of these size changes. Tail length growth decreases most for 
these measurements, there being negative slope and negative correla­
tion between tail length growth relative to weight gain and total spine 
length growth. Of the foot measurements, foot breadth growth decreases 
most, followed by less marked changes in foot length and toe length, 
in that order. Of the hand measurements, thumb length growth is most 
affected, followed by hand length and hand breadth.
In the low-protein fed group, allometric growth is also changed 
for these extremity measurements, the magnitude of these changes being 
more pronounced and variable than comparisons between the two high- 
protein fed groups. Foot length and toe length are not markedly af­
fected by malnutrition, while foot breadth is most changed (decreased 
in growth)- These are generally the same changes that occur during 
natural growth rate decreases, foot breadth being affected most. For 
the hand measurements, thumb length growth is most affected during 
malnutrition, while hand length and hand breadth show less marked 
changes. Again, this is much as one would expect during the slowdown 
in growth rates that occurs as the well-nourished monkeys grow older. 
Tail length growth also decreases, not nearly as markedly as the nega­
tive growth rate for older high-protein fed animals-
Although this is a relatively gross comparison, it is of great 
importance since apparently inconsistent growth rate reduction trends 
are found to have some pattern of change. The similarity in growth 
rate reductions between malnourished and older high-protein fed animals
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thus seems to be determined by the same general type of mechanism.
There seems to be no obvious physiological reason for the pattern of 
growth rate reduction ascertained from the results presented here.
It does, however, support the idea that growth rate reductions during 
malnutrition are patterned, following general trends of growth char­
acteristics of older animals.
Linear and Transverse Extremity Measurements— Summary
Proportionate growth of the extremities is greatly affected by 
protein-calorie malnutrition. The changes are of potential use in 
diagnosis, and are apparently sensitive to protein deficiencies. The 
use of extremity measurements in diagnosis is, however, difficult 
since there are many complex and dissimilar proportional changes 
occurring in a variety of measurements. Allometric growth changes 
of the lower extremities are not as pronounced between the low-protein 
and high-protein fed groups as are upper extremity allometric changes. 
The upper arm/forearm growth rate relationship is more sensitive to 
changes in protein intake, such that there is a disproportionate growth 
"inversion" for the low-protein fed group compared to the high-protein 
fed group. Arm circumference proportional changes are also evident 
for the low-protein fed group, making this measurement of secondary 
value in diagnosis. Upper leg circumference, however, does not; it 
exhibits only a low degree of disproportionate growth, and is of little 
if any diagnostic value.
The remaining extremity measurements are of limited diagnostic 
value, but are worthwhile owing to the pattern of disproportional growth
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for the low-protein fed group. There is disproportional slowdown 
such that the linear extremity measurements show less growth rate re­
duction than the transverse extremity growth rate reductions. It is 
suggested that the "balance hypothesis" is again supported (see also 
section on the trunk measurements), such that transverse growth is 
"sacrified" relative to linear growth. This is believed to be of 
physiological significance in that growth and nutritional deficits 
are balanced.
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CHAPTER V 
EFFECTS OF REHABILITATION
Introduc tion
It was not the purpose of this study to present a detailed de­
scription of the effects of rehabilitation from protein deficient 
diets to a high-protein diet. However, several of the trends of 
allometric growth during rehabilitation are worth describing insofar 
as the trends support the "balance hypothesis" presented in Chapter I 
and indicate the existence of allometric growth even during periods 
of nutritional instability. Generally, the period of rehabilitation 
is characterized by an increase in weight gain, while growth in most 
other measurements is greatly reduced. Although only an inference, 
this suggests that compensatory trends first stabilize the ratio of 
vertical body size to weight (or density) . Concomitant with the great 
increase in weight gain relative to vertical body growth, there is 
marked expansion of virtually every transverse body dimension, espec­
ially transverse dimensions of the trunk and arm and leg circumferences, 
It is not possible to determine if these changes represent permanent 
changes in growth rates for various measurements or if there are 
permanent changes in proportional body growth after rehabilitation 
has been completed. Measurement of the rehabilitated group occurred 
before rehabilitation was completed, as defined by stabilization of
87
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
88
the weight gain curve (see Figure 2) . Therefore, discussion of rehab­
ilitation includes only the period during which the monkeys were ad­
justing to the increased protein intake. It should also be realized 
that the period of rehabilitation included two sub-groups of monkeys 
(n=4 for each sub-group) that had been rehabilitated for radically 
different lengths of time (see Appendix A) . In spite of this fact, 
there is markedly high correlation of the allometric growth values 
for all but a few measurements.
The results of allometric size determinations will be reviewed 
in accord with the same general outline used to discuss the high- 
protein versus low-protein fed growth paradigm, and includes head 
measurements, trunk measurements and extremity measurements.
Rehabilitation— Head Measurements
During rehabilitation, head length growth begins to increase 
relative to weight gain and total spine length growth, compared with 
the low-protein fed group. The head length growth increase approxi­
mates head length growth rates of both high-protein fed groups. Base 
length growth does not increase compared with the low-protein fed 
group, indicating that it is the rear occipital region of the cranium 
that is expanding rather than the entire length of the cranium. Head 
height begins the flattening characteristic of the high-protein fed 
animals (indicated by the negative value of W . Head height growth 
does not decrease, however, without concomitant increases in the 
relative growth rate of head length. This relationship supports the 
the original assumption made concerning relative growth rate interactions
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of the entire cranium. In other words, the cranium does not begin to 
flatten or increase in anteroposterior length unless these changes may 
be made at the same time. Head circumference growth does not change 
appreciably between the low-protein fed group and rehabilitated group. 
This also supports the idea of multiple, interdependent cranial changes 
that must occur simultaneously. In the case of head circumference, 
the rehabilitated animals have apparently only begun changes in the 
morphology of the cranium; the horizontal expansion of the head, 
as determined by head length and head breadth growth interactions, 
has not yet begun. Sagittal and transverse head arc growth rates 
have not changed appreciably for any of the groups, indicating that 
these dimensions are highly stable even considering differences in 
nutrition. Apparently, the head arc measurements are determined by 
a constant cranial volume/weight or stature relationship. Thus, 
despite changes in the growth of other dimensions, the overall arc 
of the cranium is maintained, and thus cranial volume remains rela­
tively stable for all groups. Total cranial volume and brain weight 
were mentioned as two dimensions decreased during protein-calorie 
malnutrition. However, it appears that this decrease need not be 
determined by actual decreases in the size of the cranium but rather 
by a decrease in the amount of brain material itself.
Ear measurement growth rates are exceptionally difficult if not 
impossible to explain. The changes appear virtually random, and, as 
indicated by the inconsistency of the correlation coefficient values, 
ear growth cannot be easily characterized. Unlike the changes occurring 
for the cranium, the ear measurements do not seem to be necessarily
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interdependent.
Total head height growth increases slightly for the rehabilitated 
group, relative to total spine length growth, compared to the low- 
protein fed group. It does not increase for the same comparison 
relative to weight gain, however. This indicates either of two alterna­
tives î (1) that the head height decreases change the growth ratio, 
lowering total head height values for the rehabilitated group or; 
more probably, (2) that weight gain is increased for the rehabilitated 
group to such an extent that increases in growth of the facial region 
are offset by high rates of weight gain. The latter assumption is 
upheld by the value of b for the rehabilitated group for the relation 
of total spine length growth and weight gain. The value of b for the 
rehabilitated group is almost half that of the value of b for the 
low-protein fed group, indicating that weight gain increases dramati­
cally without concomitant increases in growth rates of other measurements.
Rehabilitation— Trunk Measurements
Relative to weight gain, all vertical and horizontal trunk dimension 
growth rates are lower for the rehabilitated group compared with the 
high- and low-protein fed groups. The lower values indicate that weight 
gain is greatly increased during this time and that the rate or weight 
gain offsets growth rates of other measurements, resulting in lower 
values of b for the rehabilitated group. The lower slope values may 
be considered as support for the "balance hypothesis" pertaining to 
the ratio of vertical trunk dimensions to body weight or density such 
that the rate of weight gain decreases relative to vertical trunk growth
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(see Chapter IV, results of trunk measurements). The primary compensa­
tory mechanism is increased weight gain while growth is still limited 
to a certain extent. Thus, the vertical trunk dimension/weight gain 
ratio is lower for the rehabilitated group, weight gain apparently 
being more critical than growth rates of the body's vertical dimension 
to return the body to approximately "normal" proportions.
The horizontal trunk measurements also decrease relative to weight 
gain in the rehabilitated group compared with the other groups. However, 
chest breadth is a notable exception to this trend. Chest breadth ex­
pands rapidly compared to the other groups, while chest circumference 
growth does not increase, but actually decreases. Chest growth was 
previously considered a complex and confusing set of dimensions (Chapter 
IV) which, unlike the other horizontal trunk measurements, showed de­
creases in growth relative to weight gain for the low-protein fed 
group. The increase in chest breadth growth for the rehabilitated 
group compared to the low-protein fed group are difficult to explain 
in terms of physiological requirements. Perhaps organ expansion, 
muscle mass increases, increases in bone mass and fat deposition ex­
plain the increased growth for rehabilitated animals. Since chest 
circumference expansion decreases relative to weight gain for the 
rehabilitated group in comparison with other groups, this is a sim­
plistic explanation which does not describe or explain what is actually 
happening to the chest during both periods of rehabilitation and periods 
of protein-calorie malnutrition. In characterizing proportional growth 
trends during varying nutritional states, emphasis must be placed on 
one-dimensional measurements (e.g., spine length, arm length or foot
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length) which do not have a variety of interdependent dimensions, or 
a set of dimensions for which the relative growth rates of all dimen­
sions are known. In the case of the chest dimensions, chest depth 
growth rates are not known and adequate discussion of the chest is 
prevented.
All horizontal trunk measurements grow relatively more rapidly 
for the rehabilitated group than the other groups (relative to total 
spine length growth) . This indicates that not only is vertical growth 
greatly reduced relative to weight gain but it is also reduced rela­
tive to transverse (or horizontal growth). Like weight gain, increases 
in horizontal trunk growth relative to total spine length growth for 
the rehabilitated group indirectly supports the "balance hypothesis." 
The major compensatory trends during rehabilitation are increases in 
the horizontal and mass characteristics of the body "cylinder." The 
linearizing trend of the low-protein fed group is thus a means of ad­
justment to lowered protein intake that is quickly supplanted by an 
exaggerated increase in weight gain and transverse body growth to re­
turn the system to approximately "normal" conditions.
Rehabi1itation—  Extremity Mea sûrements
During rehabilitation, there is more evidence of re-establishment 
of proportional growth relationships which are nearly the same as those 
of the high-protein fed groups. The upper arm and forearm growth rates 
relative to weight gain and total spine length growth are approximately 
equal for the high-protein fed group and rehabilitated group. There 
still remains a degree of disproportional growth, however, such that
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the forearm is growing more rapidly than the upper arm in the rehabili­
tated group. This counters the trend found in high-protein fed groups, 
where the upper arm grows faster than the forearm. The rehabilitated 
group's growth rates for the upper arm and forearm are higher for the 
rehabilitated group than the relative upper arm and forearm growth 
rates for the other groups. This is consistent with other observations 
of body measurement growth rates, in which vertical trunk growth is 
slowed while the other measurements and weight compensate for the linear 
trend that characterized the period of malnutrition.
Thigh height, knee height and leg length growth rates relative 
to weight gain decrease in the rehabilitated group compared to the 
other groups. The decrease in relative growth rates for the rehabili­
tated group is probably due to the increased rate of weight gain which 
offsets growth rate increases for the other body dimensions. Relative 
to total spine length growth, thigh height, knee height and leg length 
growth rates increase for the rehabilitated group compared to the 
other groups. The same reasoning applies in this instance as in previous 
discussions of growth changes for the rehabilitated group; that is, 
relative to growth of the vertical trunk dimensions, there is a com­
pensatory mechanism which increases the diameter of the body relative 
to vertical or linear growth.
The remaining extremity measurements for the rehabilitated group 
generally follow the same relative growth trends as discussed in the 
preceding sections and will not be reiterated here. One fact is worth 
mentioning, however, with regard to transverse extremity growth relative to 
linear extremity growth. Transverse extremity growth rates are higher
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in magnitude relative to linear extremity growth rates, such that the 
extremities are showing faster transversely than linearly. Thus, the 
general trend of increased transverse growth of the trunk measurements 
is also manifested in the extremity measurements, implying that there 
is a general pattern to compensatory mechanisms during rehabilitation.
Rehabilitation— Summary
Increases in transverse growth and weight gain relative to vertical 
or linear body growth suggest patterned compensatory mechanisms during 
rehabilitation but further, these observations indirectly support the 
"balance hypothesis" of increased vertical growth relative to trans­
verse body growth and reduced weight gain for the low-protein fed group.
During rehabilitation, compensatory "catch-up" growth proceeds along 
regularly ordered and consistent patterns of development. This is indi­
cated by the high correlation coefficients for virtually all body 
measurements. The rehabilitated group was composed of two sub-groups 
of animals, one group (n=4) was rehabilitated for only 90 days, the 
other subgroup (n=4) had been rehabilitated for more than a year. De­
spite this radical deviation in time after rehabilitation, allometric 
growth is nevertheless maintained for indefinite periods of time (neither 
sub-group had leveled off in respect to weight gain, however) . This 
suggests that physiological rehabilitation is an extremely long and in­
volved process, taking long periods of time relative to the initial 
period of adjusting to the high-protein diet.
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DISCUSSION
The purpose of this study was to characterize changes in propor­
tional size relationship for rhesus monkeys during periods of mild- 
moderate protein-calorie malnutrition. These proportional growth 
changes were used to review critically current field research diag­
nostic criteria and suggest a new means of diagnosis based on the 
use of systematic allometry. The changes that occurred in propor­
tional growth were explained by the "balance hypothesis," in which 
linear growth increases relative to weight gain and transverse body 
growth. The "balance hypothesis" explains the body's homeostatic 
adjustment to periods of critical growth and nutritional restriction, 
such that growth continues to a certain degree while the body restricts 
energy expenditure.
It was found that there is markedly good linearization of the 
proportional size relationships within each group, indicating that 
allometric growth occurred during certain restricted growth periods. 
Comparison of proportional growth relationships between the two groups 
was suggested to be of use in diagnosing individuals who were mal­
nourished. In the experimental populations, however, the effects of 
protein deprivation are not complicated by extraneous variables (e.g., 
anemia, associated vitamin deficiencies, infections or infestations)
95
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that are usually found as complicating variables in human populations.
It is possible, then, that exclusion of these variables from studies 
of protein-calorie malnutrition may disrupt the reliability of proposed 
diagnostic criteria in human populations. The two most important vari­
ables are the age of onset of protein-calorie malnutrition and the 
degree of protein deficiency. These variables are discussed in the 
following sections.
Age of Onset Variable
The animal population from which the results of this study have 
been drawn were put on the experimental diets at approximately the 
same age, 90 or 120 days after birth for all but one group, which was 
put on the low-protein diet at 210 days of age (see Appendix A, rehab­
ilitated group). Introduction of a given dietary regime at a given 
age undoubtedly produces more consistent results within each experi­
mental group, but there is no parallel for a specific age of onset of 
nutritional deficiency for human populations. Nutritional protein 
deficiency may occur at any age in human populations, and human popu­
lations throughout the world exhibit their own unique mean ages during 
which the highest percentage of individuals is affected (Jeliffe 1963). 
Many authors have shown interest in the age at which protein-calorie 
malnutrition begins, simply because this age is critical in understanding 
the changes in growth and physiological functions that occur as malnu­
trition progresses (for a review of this problem, see McCance 1968b). 
Protein-calorie malnutrition mostly affects the young (Jeliffe 1963), 
usually under 6 to 10 years of age, and since infancy is the most
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critical period for growth, any variation in the age of onset for 
protein deficiency might drastically alter consequent growth patterns. 
In controlling for the age of onset, the low-protein fed population 
of this study might be only a specialized and unique population, the 
results and conclusions being applicable to only subjects for which 
the age of onset of protein deficiency is known.
The results of this study indicate that length of time on the 
protein deficient diet does not markedly alter allometric growth, 
since the correlation coefficients remain consistently high during 
the period of malnutrition. However, it may be that controlling the 
age of onset has kept variation over time to a minimum. In other 
words, the crucial factor in maintaining consistent changes over time 
might be the age during which protein deficiency beings, and not how 
long the individual is malnourished. This question may be resolved 
only by analyzing a number of separate populations differing in age 
of onset and comparing results, or by analyzing a single population 
and determining if allometric growth remains constant within the popu­
lation.
It was hypothesized that protein-calorie malnutrition produced 
patterned changes in growth rates such that growth and physiological 
function were both maintained. If this remains the case, then an 
individual's response should be of the same basic nature no matter 
what the age of onset of protein deprivation (as long as the indiv­
idual is still growing) . It need not be assumed that the changes are 
of the same magnitude, however, but that the trend of linear growth 
increases relative to transverse growth and weight gain be of the same
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nature. Thus, if the hypothesis describing growth rate changes during 
malnutrition is upheld, adequate diagnosis may be possible for any 
age of onset of protein deprivation, but in such a way that the basic 
use of allometry may have to be changed in order to compensate for 
different age-dependent responses.
Protein-Intake Variable
Another variable that may affect the use of systematic allometry 
in diagnosis of protein-calorie malnutrition is the degree of protein 
deprivation. The effects of protein-calorie malnutrition range con­
tinuously from minimally under-nourished individuals, who exhibit no 
clinical symptoms of protein deprivation, to those individuals suffer­
ing from "frank" cases of nutritional stress, characterized by physio­
logical breakdown of the body's ability to adjust. One end of the 
range produces no overtly recognizable symptoms by any clinical index, 
the other end of the range results in changes that may be ascertained 
by virtually any biochemical test or anthropometric measurement.
Within this range, there exist degrees of protein-calorie malnutrition 
which are not easily differentiated from normal individuals. These 
physiological changes may be due to a number of causes and contribu­
ting factors, of which protein deficiency may be the major, but cer­
tainly not the only factor. This study has isolated those factors due 
solely to the effects of protein deficiency; but human populations, 
without exception, have a variety of different causes and contributing 
factors which influence the manifestation of protein deprivation (see 
Chapter I) . in controlling nutritional intake, and isolating the effects
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due solely to protein deficiencies, this study has not established the 
use of systematic allometry as a tool useful in diagnosing protein- 
calorie malnutrition in the presence of confounding variables. It is 
not known on the basis of this study whether or not various complicating 
variables produce the same type change in an individual's physiological 
functioning, and whether or not these complicating variables influence 
the magnitude of growth changes.
An additional variable in diagnosing protein-calorie malnutrition 
is whether or not the degree of protein deficiency alters growth in a 
qualitatively different way as the effects of protein-calorie malnu­
trition become progressively more severe. It should not be assumed 
that increasingly severe degrees of protein deficit merely increases 
the magnitude of the disproportionate growth determined for mild-moderate 
forms of protein deficiency. Therefore, the allometric changes that 
occur during mild-moderate forms of malnutrition may be fundamentally 
different from more advanced forms of protein deficiency such as kwash­
iorkor. This variable would probably restrict the use of systematic 
allometry to less severe (mild-moderate) forms of protein-calorie 
malnutrition. This need not be a limiting consideration, however, 
since the use of allometry was suggested as a more sensitive means of 
diagnosing malnutrition. More severe forms of malnutrition may be 
diagnosed by a number of different techniques, including biochemical 
and radiographic techniques and even visual examination for such in­
dices as edema or skin and hair changes.
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Diagnosis in Human Populations
The use of systematic allometry for cases of protein-calorie 
malnutrition is proposed here on the basis of deviation from propor­
tional growth relationships established for groups of well-nourished 
individuals. A set of measurements could be selected on the basis 
of how accurately the measurements could be taken, how reproducible 
the measurements are, and would exclude measurements that are compli­
cated or require special equipment. An example of measurements that 
have, in this study, been shown to be of use in diagnosis are summar­
ized in Table 19. Values of the measurements (Y-values) could then 
be correlated against weight, total spine length or another measure­
ment selected as the X-value, or "criterion variable" (Stahl and 
Gummerson 1967) . The values of a_ and b may then be determined by 
simple regression analysis, including the 95% confidence limits of b 
and £, the correlation coefficient. The value of the criterion vari­
able, a and b may then be used to predict the value of Y using the 
allometric power formula Y=aX^. Deviation from the predicted value 
of Y and the actual value of Y as measured on the test subject, would 
then indicate whether or not expected proportional growth was inter­
rupted. The 95% confidence limits of the slope (b) of the regression 
line could then be used to determine if the deviation is statistically 
significant.
To summarize, diagnosis of protein-calorie malnutrition, using 
systematic allometry, is proposed on the basis of the lack of agreement 
between a test subject's actual measured value of Y (a pre-selected
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measurement), and the value of Y predicted from the criterion variable, 
where the predicted value of Y equals aX^, where X is the value of the 
criterion variable for the test subject, and ^  and b are the values of 
the power formula determined by regression analysis for a population of 
well-nourished individuals of the same approximate size as the test sub­
ject. If the predicted value of Y does not equal the actual value of 
Y , and if the direction and magnitude of the proportional growth changes 
agree with ejected changes in proportional growth that occur during 
malnutrition (i.e., changes in proportional growth as hypothesized by 
the "balance hypothesis"), then that individual may be tentatively 
diagnosed as being malnourished.
The use of systematic allometry for diagnosis of protein-calorie 
malnutrition necessitates the following assumptions:
1. That the proportional growth changes which result in the test 
subject are due to protein-calorie malnutrition and no other types of 
physiological stress. Although complicating variables may be present 
in the test subject, it is necessary that protein-calorie malnutrition 
be the predominant etiological factor in the change of proportional 
growth relationships. Adequate diagnosis should include the use of 
other diagnostic tests, such a biochemical measures, that increase the 
reliability of diagnosing protein-calorie malnutrition while excluding 
cases involving disease states or other nutritional causes of physio­
logical stress that result in disproportionate growth.
2. It is assumed that the results of this study are applicable 
to the study of human populations. It is not predicted by this study 
that all the measurements listed as having potential diagnostic value
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S-i"® applicable to diagnosis in human populations. Additionally, even 
those measurements that can be proven of potential diagnostic value 
in studying malnutrition in human populations may not be altered by 
the affects of protein insufficiency in the same manner as was found 
in the rhesus population studied. A list of diagnostic measurements 
must then be formulated on the basis of actual studies of human popu­
lations before reliability of diagnosis is possible. However, it is 
believed that the "balance hypothesis" proposed in this study for 
analyzing the trends of disproportional growth in malnourished indiv­
iduals, is applicable to the study of protein-calorie malnutrition in 
other experimental animal populations and in human populations.
Limitations of the Use of Allometric Growth
For the periods of growth studied, allometric growth was stable 
for most measurements, within each group, over long periods of time.
The periods usually covered long intervals of growth (i.e., a broad 
range of ages and weights) and included different ratios of male and 
female subjects. Despite these variables, the correlation coefficients 
remained high for most measurements, indicating that allometric growth 
was stable. However, the correlation coefficients for the standard 
laboratory chow fed group show many measurements having low correlation 
coefficients. The laboratory chow fed group is not distinguished from 
the rehabilitated or rehabilitated control groups (the two groups of 
comparable size) by number of animals in each group, range and mean 
of weights for each group, and range and mean of ages for each group. 
Thus, ascertainment of the variables that disrupt allometric growth for
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the laboratory chow fed group are of extreme importance in determining 
the limxtatxons of allometric growth relationships» These limits affect 
the reliability and applicability of allometry to the study of propor­
tional growth in experimental or human populations, and determine the 
limits of diagnostic reliability.
If the correlation coefficients and values of b are compared for 
the laboratory chow fed group using weight as the X-value in the allo­
metric power formula Y=aX^, it is generally true that higher values of 
b have relatively higher correlation coefficients. Therefore, there 
appears to be some relationship between the value of b and the relia­
bility of allometric growth values, such that allometric growth is 
disrupted when ^  approaches 0. The value of b is equivalent to the 
slope of the line representing the relationship of X and Y (in this 
case, weight is the X-value and Y is any body measurement) . Described 
mathematically, when the slope of the line representing the regression 
fit of X and Y is 0, the value of X increases without associated in­
creases in the value of Y, which remains constant. The lack of corre­
lation for low values of b may only be inferred to result from an in­
crease in the variance of the sample, such that very low growth rates 
for Y are associated with increased variance.
Using total spine length as the X-value of correlation allometric 
power formula Y=aX^, the same lack of correlation indicating unstable 
allometric growth is observed. Only three measurements (hip breadth, 
forearm length and sitting height) are significantly correlated at the 
95% confidence level, the other measurements do not reach this criterion. 
The values of b are usually near 1, however, and the explanation of the
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low correlation values, using weight as the X-value, does not apply. 
However, the ^  value of total spine length (Y) correlated against weight 
(X) is .06, indicating that the growth of the spine for the laboratory 
chow fed group is near 0. Thus, values of b for measurements corre­
lated against total spine length (Table 15), if they are near 1, merely 
indicate that the growth rate of the measurement is equal to the growth 
rate of the spine, or near 0 for both measurements. It appears, then, 
that cessation of growth for either X or Y of the allometric growth 
relationship introduces a measure of instability, significantly de­
creasing the reliability of predicted allometric growth.
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SUMMARY
Allometric size relationships for 31 somatic measurements were 
determined relative to weight gain or total spine length growth for 
48 rhesus macaques comprising 5 different experimental groups. The 
groups were fed the following experimental (postweaning) diets: one
low-protein group fed the 3.5% diet; two high-protein groups fed the 
25% protein diet; an originally low-protein-diet fed group rehabili­
tated to the high-protein diet; and a group of laboratory chow fed 
(14% protein) monkeys. The allometric values for each measurement 
were compared between the groups to determine the effects of protein- 
calorie malnutrition on allometric or proportional growth. The primary 
use of the comparison of allometric values among the groups was to 
characterize disproportionate growth changes resulting from protein 
deficiency and to determine which measurements were of use in diagnosing 
protein-calorie malnourished individuals.
The comparison of allometric values for the low-protein and high- 
protein fed groups established general tendencies of growth changes 
during malnutrition and a tentative list of primary and secondary meas­
urements useful in diagnosis was delineated. The measurements which 
are designated as of potential use in diagnosis are summarized in 
Table 19. The measurements of primary diagnostic potential are those 
comparisons that showed highest sensitivity (i.e., greatest differences
105
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Table 19. LIST OF PRIMARY AND SECONDARY MEASUREMENTS FOR DIAGNOSIS 
OF PROTEIN-CALORIE MALNUTRITION.
Head Measurements 
Primary 
Secondary
Y-value*
head length 
head breadth 
head circumference 
head height
X-va lue *
weight or total 
spine length 
head length
weight or total 
spine length 
weight or total 
spine length
Trunk Measurements
Primary
Secondary
total spine length weight
trunk height weight
chest circumference weight
sitting height weight
Extremity
Primary
Secondary
upper arm length 
forearm length 
upper arm length 
hand breadth 
thumb length 
arm circumference
weight or total 
spine length 
weight or total 
spine length 
forearm length
weight or total 
spine length 
total spine length
weight or total 
spine length
* X and Y values of the allometric power formula Y=aX
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in allometric values between the groups), were reliable as indicated 
by the high correlation coefficients, and were most stable over long 
periods of growth. The measurements designated of secondary diagnostic 
potential are those measurements that could not be used alone for diag­
nosis. The secondary measurements were determined by the presence of 
some proportional size differences between the low- and high-protein 
fed groups, but the allometric relationships were not highly correlated 
or they showed variation in growth rates over time. The use of these 
measurements for diagnosis necessitated more precise and extensive 
population analysis to determine time periods ("instars") during which 
growth was stable or allometric. This is considered a potential problem, 
given the limitations of current field research design.
Generally, the results for the low-protein fed versus high-protein 
fed comparisons indicated accelerated linear growth relative to weight 
gain. This was considered to be an adjustive mechanism such that some 
body growth was maintained while the body’s density decreased relative 
to body size in order to limit energy expenditure.
The results of the high-protein fed groups' comparison with the 
rehabilitated group showed a relative increase in weight gain and 
transverse body growth compared to linear body growth. The results , 
were not analyzed in terms of characterizing rehabilitation but rather 
to add supportive evidence to the morphological changes that occurred 
in the low-protein fed group. It was inferred that the "balance 
hypothesis" of growth changes that result from protein-calorie malnu­
trition (linear body growth increases relative to weight gain and transverse 
body growth) is a suitable means of describing morphological changes.
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Results from the laboratory-chow-fed group suggested that adoles­
cence, which is near the end of the period of linear body growth, was 
the limiting factor in determining reliable allometric size values. 
Apparently, this period of growth marks a series of changes which re­
quires extensive analysis in order to determine proportional growth 
relationships.
It is suggested that reliable diagnosis of protein-calorie malnour­
ished individuals on a population level is possible by using either 
weight or total spine length as the X value (criterion variable) in 
the power formula Y=aX^. The values for a_ and b of the power formula 
may be determined for each measurement relative to weight or total 
spine length in a known population of well-nourished individuals, using 
a simple linear regression formula. The expected Y would then be de­
termined mathematically by substituting the values a, b and X in the 
power formula Y=aX^. The expected Y-value for the measurement deter­
mined in this manner can be compared to the individual's actual measured 
value of Y, and the amount of deviation that resulted (if any) will 
determine to what degree the individual is malnourished.
It was assumed that systematic allometry would be applicable to 
the study of human populations, although basic interactions of body, 
measurements may be different. It is felt, however, that the descrip­
tive analysis of proportional growth changes occurring during protein- 
calorie malnutrition using the "balance hypothesis" is valid for appli­
cation to the study of a variety of animal systems including human 
populations.
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A P P E N D IX  A
THE EXPERIMENTAL POPULATION
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Group
Sample
Size
Range and 
Mean of 
Ages
(in days)
Range and 
Mean of 
Weights 
(in grams)
Low-protein fed n = 11 405-1110 1318-2855
M = 9
F = 2 X = 824 X = 1868
High-protein fed n = 10 582-860 2233-3715
M = 7
F = 3 X = 677 X = 3152
Rehabilitated-
Control n = 8 1601-2106 4212-8635
M = 4
F = 4 X = 1394 X = 6862
Rehabilitated n = 10 1490-1841 2690-6434
M = 3
F = 7 X = 1729 X = 4948
Laboratory Chow
fed n = 9 1557-2106 6393-11788
M = 9
F = 0 X = 1647 X = 6939
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APPE N D IX  B
MATHEMATICAL DERIVATION OF THE PARABOLA Y=aX^ 
FROM GROWTH RATE CURVES (Brody 1964)
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Growth rate curves for two body measures X and Y may be represented
by:
Y = cie^l^l (1)
and X = 0 2 6 ^ 2 ^ 2  (2)
where c^ and 0 2  are constants; Y is the size of one body measure and 
X is the size of another body measure; and k 2 are growth rates for 
Y and X, respectively; and t is time or age. Taking the natural 
logarithms (In) of (1) and (2):
ln(Y) = In(c-ĵ ) + k^t (3)
and ln(X) = ln(c2 > + k2 t (4).
Differentiating (3) and (4)
Dividing (5) by (6):
Ë L  = kidt (5)
and ^  = k?dt (6) .
X
X 2L-X MY dX kg (7)
Letting = b, then:
^2
ÉX. X —  X b (8)Y dX
Integrating: log^o^ ~
b(log^QX) + logiga (9).
Taking the anti-logarithm of (9):
Y = aX^ (10) ,
which is the formula for the parabola representing the growth rate 
curves for the ratio of growth rates for body measures X and Y. This 
formula may also be called the allometric power formula.
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DESCRIPTIONS OF BODY MEASUREMENTS
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These measurements, originally described by Schultz (1929), are not 
exact, but rather approximately identifiable for the reader.
1. Head length (Maximum antero-posterior diameter): From the glabella
to the most distance point of the occiput in the midsagittal plane.
2. Base length (Nasion-inion diameter): Distance from the inion to 
the nasion.
3. Head breadth (Maximum lateral diameter): Greatest breadth of the 
brain part of the head over the parietal and temporal bones perpendicular 
to the midsagittal plane.
4. Horizontal head circumference ; Greatest horizontal circumference 
of the head intersecting the glabella and most distant point of the 
occiput.
5. Head height (Auricular height): From the middle of an imaginary 
line connecting the left and right tragion (the ear holes) to the 
vertex (top of the skull) perpendicular to this line.
6. Total head height (Chin-vertex height): From the vertex to the 
gnation (chin) perpendicular to the ear-eye horizon (imaginary line from 
the bottom of the eye to the left or right tragion).
7. Sagittal head arc: Curve of the head from the nasion over the 
vertex to the inion.
8. Transverse head arc: Curve of the head from one tragion to the 
other measured through the vertex.
9 . Ear height (Physiognomical ear length): From the highest point of 
the ear (superaurale) to the lowest point of the ear (subaurale) per­
pendicular to the ear-eye horizon.
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10. Ear breadth {Physiognomical ear breadth): From the preaurale
(front of the ear) to the postaurale (furthermost point back of the 
ear) parallel to the ear-eye horizon and perpendicular to ear height.
Sitting height (Stem length): From the vertex to the most caudal
point on the buttocks over the ischial tuberosities (seat pads found 
on sub-human primates only).
12. Total spine length; Length of the midsagittal curve from the 
inion to the coccygeale (point where the tail joins the vertebrae).
13. Trunk height (Anterior trunk height): From the supra-asternale 
(top of the sternum) to the symphysion (pubic symphysis) parallel
to the body axis.
14. Shoulder breadth; Distance between the left and right acromion 
(most distant point of the shoulder blades).
15. Hip breadth; (Bitrochanteric diameter): Straight distance 
between the right and left trochanterion latérale (highest and most 
lateral portion of the pelvis).
16. Chest breadth (Transverse chest diameter) : Greatest width of 
the chest (slightly modified from Schultz for measurement on living 
subjects).
17. Chest circumference (Thoracic circumference): Maximum circum-. 
ference of the chest cavity (slightly modified from Schultz).
18. Tail length. Length of the tail from the caudale proximale 
(dorsal side of the root of the tail opposite the place where the 
ventral surface of the tail bends toward the anus) to the caudale 
distale (tip of the tail not including any hair).
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19. Thigh height (Length of the femur); From the trochanterion 
summam (most projecting proximal point of the femur) to the femorale 
(most projecting distal point of the femur).
20. Mid-upper leg circumference; This measure is self-explanatory.
21. Knee height (Knee-sole length, height of tibiale above the floor): 
From the tibiale (most vertical point of the tibia) to the plantare 
(sole of the foot).
22. Leg length (Length of the tibia) ; From the tibiale to the sphyrion 
("ankle bone").
23. Foot length : From the pterion (most rearward projecting point of 
the foot) to the podoactylion (most forward projecting point of the 
foot, usually the middle toe).
24. Foot breadth: From the metatarsale median II (second toe) to the
metatarsale latérale (across the "palm" of the foot),
25. Toe length : From the pterion to pododactylion I (end of the toe) .
26. Upper arm length (Length of the humerus): From the acromiun (most 
proximal point of the humerus) to the radiale (most distal point of the 
humerus).
27. Mid-upper arm circumference; This measure is self-explanatory.
28. Forearm length (Length of the radius) : From the radiale to thç
stylion (most distal point of the radius),
29. Hand length: From the carpale (end of the radius and ulna) to
the tip of chirodactylion III or IV (third or fourth digit) , depending 
upon which is longer.
30. Hand breadth: From the metacarpale mediale to the metacarpale
latérale perpendicular to the hand length measure.
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31. Thumb lengthr From the stylion to chirodactylion I {tip of the 
thumb).
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